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ABSTRACT
The d i s s e r t a t i o n  i s  .-.vxded i n t o  two p a r t s .
P a r t  I .  Use o f  H ydrogen I s o t o p e s  i n  P o ly m er  C h e m is t ry .
The h y d ro g e n  s e c o n d a ry  k i n e t i c  i s o t o p e  e f f e c t s  i n  t h e  p o ly m e r ­
i z a t i o n  o f  s t y r e n e  w ere  m e a su re d .  Through  c o m b in a t io n  o f  t h e  d e u t e r ­
ium and  t r i t i u m  e f f e c t s  i t  was p o s s i b l e  t o  c a l c u l a t e  t h e  i s o t o p e  
e f f e c t s  f o r  a l l  o f  t h e  v a r i o u s  ty p e s  o f  h y d ro g e n s  i n  t h e  t r a n s i t i o n  
s t a t e ,  i n c l u d i n g  th o s e  i n  t h e  p o l y s t y r y l  r a d i c a l  and t h o s e  i n  t h e  
s t y r e n e  monomer u n d e r  a t t a c k .  The i s o t o p e  e f f e c t s  f o r  s i d e - c h a i n  
l a b e l e d  s t y r e n e s  a p p e a r  t o  h a v e  a  d i r e c t  b e a r i n g  on t h e  i n t e r p r e t a ­
t i o n  o f  t h e  i s o t o p e  e f f e c t s  o b s e rv e d  i n  [ 2 + 2 ] c y c l o a d d i t i o n s ,  and 
a r e  d i s c u s s e d  i n  t h a t  c o n t e x t .  I n  an  e x t e n s i o n  o f  t h e s e  t r a c e r  
s t u d i e s  to  t h e  s t y r e n e - m a l e i c  a n h y d r id e  c o p o l y m e r i z a t i o n  s y s te m ,  i t  
was found  t h a t  t h e r e  i s  no i s o t o p e  e f f e c t  on t h e  c r o s s - p r o p a g a t i o n  
s t e p  i n  w h ich  a  c o p o ly m e r ic  r a d i c a l  h a v in g  a  t e r m i n a l  a n h y d r id e  u n i t  
a t t a c k s  s t y r e n e  o r  s t y r e n e - 1 .̂ A ls o ,  t h e  r a d i c a l  r e a c t i v i t y  r a t i o s  
f o r  t h e  comonomers s t y r e n e - m a l e i c  a n h y d r id e  w e re  d e t e r m in e d .
P a r t  I I .  H ydrogen  Atom R e a c t io n s  i n  S o l u t i o n .
P h o t o l y s i s  o f  t e r t - b u t y l  p e ro x y fo rm a te (B U P ) , H-CC^-OCCCp^) 
p ro d u c e s  a p p r e c i a b l e  q u a n t i t i e s  o f  h y d ro g e n  g a s ,  w h e re a s  t h e r m o l y s i s  
d oes  n o t .  R e a c t i v i t y  d a t a  and  o t h e r  c o n s i d e r a t i o n s  s u g g e s t  t h a t  th e  
H£ a r i s e s  from  t h e  r e a c t i o n  o f  h y d ro g e n  a tom s r e s u l t i n g  from  BUP pho­
t o l y s i s .  Two d i f f e r e n t  s y s t e m s ,  b o t h  u t i l i z i n g  p h o t o l y s i s  o f  BUP a s  
a  c o n v e n ie n t  s o u r c e  o f  H -atom s i n  s o l u t i o n ,  w e re  d e v e lo p e d  t o  s tu d y
x
t h e  a b s t r a c t i o n  o f  h y d ro g e n  from  o r g a n i c  h y d ro g e n  d o n o rs  QH by H -a tom s. 
I n  t h e  f i r s t  sy s te m  d e u t e r a t e d  t h i o l ,  a  v e r y  good d e u te r iu m  d o n o r ,  
was u sed  a s  a  s t a n d a r d  r e a c t a n t  RD. An e q u a t i o n  was d e r i v e d  i n  w h ich  
th e  r e l a t i v e  r a t e  c o n s t a n t  f o r  h y d ro g e n  a b s t r a c t i o n  i s  p r o p o r t i o n a l  
t o  t h e  s l o p e  o f  a  p l o t  o f  [H2 ]/[H D ] v s . [Q H ]/[R D ]. The r e l a t i v e  r e a c ­
t i v i t i e s  o f  v a r i o u s  h y d ro g e n  d o n o rs  w e re  m easu red  and com pared w i th  
t h e  r e s u l t s  o b t a i n e d  by o t h e r  m e th o d s .  The seco n d  s y s te m  u t i l i z e s  
a  c o m p e t i t i o n  b e tw e e n  b e n z e n e  and  QH f o r  h y d ro g e n  a to m s ;  i n  t h i s  c a s e  
e q u a t i o n s  d e r i v e d  i n d i c a t e  t h a t  t h e  s l o p e  o f  a  p l o t  o f  r e l a t i v e  
y i e l d  v s . [QH]/[PhH] s h o u ld  b e  p r o p o r t i o n a l  to  t h e  r a t e  c o n s t a n t  f o r  
h y d ro g e n  a b s t r a c t i o n .  The r e s u l t s  from  t h i s  s y s te m  a r e  i n  s u b s t a n ­
t i a l  a g re e m e n t  w i t h  t h o s e  from  o t h e r  s y s t e m s .
S u b s t i t u t e d  t o l u e n e s  w e re  u s e d  a s  s u b s t r a t e s  i n  a  s tu d y  o f  t h e  
p o l a r i t y  o f  t h e  H -a tom . A rh o  v a l u e  o f  - 0 . 1 3  was fo u n d  f o r  h y d ro g en  
a b s t r a c t i o n  from  t h e  t o l u e n e s ;  t h i s  v a l u e  i n d i c a t e s  t h a t  t h e  h y d ro g e n  
atom , l i k e  t h e  m e th y l  and p h e n y l  r a d i c a l s ,  i s  o n ly  s l i g h t l y  e l e c t r o -  
p h i l i c .
xi




T h e re  a r e  two ty p e s  o f  h y d ro g e n  i s o t o p e  e f f e c t s .  The f i r s t ,  o r  
p r im a r y ,  i s  a s s o c i a t e d - w i t h - r e a c t i o n s  i n  w h ich  t h e  bond to  an  i s o t o p e  
u n d e rg o e s  s c i s s i o n  o r  f o r m a t io n  d u r in g  r e a c t i o n .  The s e c o n d ,  o r  s e c o n ­
d a r y ,  i s  a s s o c i a t e d  w i t h  r e a c t i o n s  i n  w h ich  t h e  i s o t o p i c  bond d o es  n o t  
u n d e rg o  s c i s s i o n  o r  f o r m a t io n  d u r in g  r e a c t i o n . 1 S e c o n d a ry  i s o t o p e  
e f f e c t s  a r e  f u r t h e r  s u b d iv id e d  i n t o  two c a t e g o r i e s :  th o s e  o f  th e
f i r s t  k i n d ,  i n  w h ich  th e  i s o t o p e  i s  bonded t o  a n  a tom  w h ich  c h an g e s  
h y b r i d i z a t i o n  d u r in g  r e a c t i o n ,  and th o s e  o f  th e  seco n d  k i n d ,  i n  
w h ich  th e  i s o t o p e  i s  s u b s t i t u t e d  a t  a more re m o te  p o s i t i o n . 1 ’2
S u b s t i t u t i o n  o f  a d e u te r iu m  a t  a c a rb o n  t h a t  c h an g e s  from  sp 3  
t o  s p 2  h y b r i d i z a t i o n  p ro d u c e s  a norm al s e c o n d a ry  k i n e t i c  i s o t o p e  
e f f e c t  o f  1 0 -1 5 $ .  T h a t  i s ,  kjj/kj) 1 . 1  p e r  d e u t e r iu m  a to m . 3  Sub­
s t i t u t i o n  o f  a d e u te r iu m  a t  a c a rb o n  u n d e rg o in g  a h y b r i d i z a t i o n  
change  in  t h e  r e v e r s e  d i r e c t i o n ,  s p 2  to  s p 3 , g iv e s  a n  i s o t o p e  e f f e c t  
i n  t h e  i n v e r s e  d i r e c t i o n  (kn/k]) O .9 6 ) . 3 “6
S e c o n d a ry  i s o t o p e  e f f e c t s  hav e  b e e n  c o r r e l a t e d  w i t h  th e  v i b r a ­
t i o n a l  f r e q u e n c i e s  o f  th e  i n i t i a l  and t r a n s i t i o n  s t a t e s  f o r  th e  
h y d ro g e n  and d e u t e r iu m  com pounds . 7  I n  a f o r m u l a t i o n  t h a t  c a n  be 
more e a s i l y  r e l a t e d  t o  s t r u c t u r e  and m echanism , W o l fs b e rg  and S t e r n 8  
h av e  e s t a b l i s h e d  th e  c o n n e c t io n  b e tw een  ch an g e s  i n  f o r c e  c o n s t a n t s  
a t  t h e  p o s i t i o n  o f  i s o t o p i c  s u b s t i t u t i o n  and  i s o t o p e  e f f e c t s .
1
2
In  s p i t e  o f  g e n e r a l  a g re e m e n t  on  th e  v i b r a t i o n a l  o r i g i n  o f  th e s e  
e f f e c t s ,  t h e r e  i s  c o n s i d e r a b l e  d i s a g r e e m e n t  o v e r  th e  i n t e r a c t i o n  
m echanism  r e s p o n s i b l e  f o r  t h e  ch a n g e s  i n  v i b r a t i o n a l  f o r c e  c o n s t a n t s  
d u r in g  r e a c t i o n .  S e c o n d a ry  i s o t o p e  e f f e c t s  hav e  b e e n  d i s c u s s e d  i n  
te rm s  o f  v a r i o u s  e l e c t r o n i c  e f f e c t s :  i n d u c t i o n ,  h y p e r c o n j u g a t i o n ,
r e h y b r i d i z a t i o n ,  and n o n -b o n d in g  i n t e r a c t i o n s . 9  A m a jo r  d i f f i c u l t y  
i n  d e t e r m in i n g  th e  r e l a t i v e  im p o r ta n c e  o f  e a c h  o f  t h e s e  e f f e c t s  
a r i s e s  from  th e  f a c t  t h a t  u s u a l l y  more t h a n  one e f f e c t  i s  a c t i n g  in  
a p a r t i c u l a r  s y s te m .  S t r e i t w i e s e r 3** a s c r i b e s  th e  no rm al a - e f f e c t  
(k n /k o  = 1 . 1 5 ) i n th e  s o l v o l y s i s  o f  c y c l o p e n t y l - l - j l  j j - t o l u e n e s u l f o n a t e  
t o  an  s p ^ - s p ^  h y b r i d i z a t i o n  c h a n g e ,  i n  w h ich  a  t e t r a g o n a l  C-H b e n d in g  
mode i s  t r a n s f o r m e d  t o  a r e l a t i v e l y  l o o s e r  t r i g o n a l  C-H o u t - o f - p l a n e  
b e n d in g  v i b r a t i o n ;  h o w e v e r ,  he  h a s  s u g g e s t e d  t h a t  th e  u s u a l  r^ -^ 0 d e ­
c r e a s e  i n  s o l v o l y s i s  r a t e  accom pany ing  a - d e u t e r i u m  s u b s t i t u t i o n  
w ould  be e v e n  l a r g e r  e x c e p t  f o r  an  o p p o s in g  i n d u c t i v e  e f f e c t . 10
B a r t e l l 11  h a s  found  cv- and ^ - e f f e c t s  c a n  be r a t i o n a l i z e d  i n  
te rm s  o f  n o n -b o n d ed  i n t e r a c t i o n s ,  a l t h o u g h  h e  h a s  n o te d  t h a t  i t  i s  
im p o s s ib l e  t o  s e p a r a t e  c o m p le te ly  s t e r i c  and  o t h e r  e l e c t r o n i c  
e f f e c t s . 1 2  I t  a p p e a r s ,  h o w e v e r ,  t h a t  a s t e r i c  e f f e c t  i s  l i k e l y  t o  
be a p p r e c i a b l e  o n ly  i n  t h e  c a s e  o f  s e v e r e  o v e r c r o w d in g . 6 ’13
As i s  t r u e  i n  t h e  c a s e  o f  a - e f f e c t s ,  t h e r e  i s  no u n i v e r s a l  
a g re e m e n t  on t h e  o r i g i n  o f  j ^ - e f f e c t s .  S t e r i c  a rg u m e n ts  hav e  been  
in v o k e d , 1 1 *1 2 ’1 4  b u t  th e  im p o r ta n c e  o f  t h i s  e f f e c t  i s  p r o b a b ly  
m in im al i n  m os t s y s t e m s . 15  The m a j o r i t y  o f  d a t a  a r e  b e s t  e x p l a in e d  
by a model i n v o l v i n g  h y p e r c o n j u g a t i o n  b e tw ee n  th e  d e v e lo p in g  
p - o r b i t a l  and  t h e  ^ -C -H (d )  o r b i t a l ,  and i n d u c t i o n . 1 3 ’1 5 "1 7  The
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l a t t e r  e f f e c t  i s  r e l a t i v e l y  s m a l l e r  and a p p a r e n t l y  w orks  i n  a n  oppo­
s i t e  d i r e c t i o n  t o  h y p e r c o n j u g a t i o n . 1 5 *1 8 "19  F o r  e x a m p le ,  S h in e r  
and Humphrey15  h av e  shown t h a t  J 3 - e f f e c t s  a r e  s l i g h t l y  i n v e r s e  i n  
s i t u a t i o n s  i n  w h ich  h y p e r c o n j u g a t i o n  i s  s t e r e o e l e c t r o n i c a l l y  p r o ­
h i b i t e d  and norm al w here  h y p e r c o n j u g a t i o n  i s  a l lo w e d .  I t  i s  d i f f i ­
c u l t  t o  s e p a r a t e  q u a n t i t a t i v e l y  t h e  v a r i o u s  c o n t r i b u t i o n s  t o  a -  and 
^ - d e u t e r i u m  i s o t o p e  e f f e c t s .  U l t i m a t e l y ,  th o u g h ,  t h e s e  f o r c e s  
m a n i f e s t  th e m s e lv e s  i n  v i b r a t i o n a l  c h a n g e s ,  o r  more f u n d a m e n ta l ly ,  
i n  f r e e  e n e rg y  c h a n g e s .
I t  h a s  b een  fo u n d  t h a t  ^ - e f f e c t s  a r e  g e n e r a l l y  s i m i l a r  i n  r a d ­
i c a l  and i o n i c  r e a c t i o n s , 2 ’2 0  i n d i c a t i n g  t h a t  t h e  r e h y b r i d i z a t i o n  
e f f e c t  i s  d o m in a n t ,  and  t h a t  d ev e lo p m e n t  o f  c h a r g e ,  a second  o r d e r  
e f f e c t ,  i s  r e l a t i v e l y  u n i m p o r t a n t . 2 0  Thus t h e  c h an g e s  i n  cv -ca rbon -  
h y d ro g e n  v i b r a t i o n a l  f r e q u e n c i e s  i n  g o in g  fro m  t h e  g round  s t a t e  t o  
t h e  a c t i v a t e d  com plex  a r e  s i m i l a r  f o r  i o n i c  and  r a d i c a l  r e a c t i o n s .
On th e  o t h e r  h a n d ,  ^ - e f f e c t s  a r i s e  from  b o th  h y p e r c o n j u g a t i v e  and 
i n d u c t i v e  f o r c e s ,  and s i n c e  t h e s e  two f a c t o r s  e x e r t  o p p o s in g  i n ­
f l u e n c e s  on th e  d i r e c t i o n  o f  k j j /k ] ) ,2 »19  ^ - e f f e c t s  i n  r a d i c a l  r e ­
a c t i o n s  do n o t  a lw ay s  p a r a l l e l  t h o s e  o b s e rv e d  i n  i o n i c  r e a c t i o n s .
SECONDARY EFFECTS FGS s p 3  TO sp 2  TRANSITIONS
The d e u te r iu m  k i n e t i c  i s o t o p e  e f f e c t s  i n  t h e  f o r m a t io n  o f  th e  
1 - p h e n y l e t h y l  m o ie ty  by u n im o le c u l a r  h e t e r o l y s i s 2 0 ^ (eq  1 ) and 
h o m o ly s i s 203  (eq  2 ) a r e  i l l u s t r a t i v e  o f  t h e  v a l u e s  g e n e r a l l y  ob ­
s e r v e d .  T h e re  i s  a no rm al a - e f f e c t  o f  i n  b o th  d i s s o c i a t i o n s .







X = a h a l i d e
Ph
I
•> CH3 - O  +  Y* (2 )
H
Y = -N=N-R
and 2 $ ,  r e s p e c t i v e l y .  Such a l a r g e  d i f f e r e n c e  i n  ^ - e f f e c t s  w ould  
n o t  be e x p e c te d  i f  s t e r i c  e f f e c t s  w ere  d o m in a n t ;  r a t h e r  t h e s e  d a t a  
a r e  b e s t  r a t i o n a l i z e d  i n  te rm s  o f  h y p e r c o n j u g a t i v e  i n t e r a c t i o n  w i t h  
th e  n a s c e n t  r a d i c a l  o r  c a rb o n iu m  io n  c e n t e r .  T h e re  i s  much l e s s  
demand f o r  su ch  s t a b i l i z a t i o n  i n  t h e  r a d i c a l ,  and t h e  d e c r e a s e d  c o n ­
t r i b u t i o n  o f  h y p e r c o n j u g a t i o n  i s  r e f l e c t e d  by t h e  s m a l l e r  ^ - e f f e c t .
S e c o n d a ry  k i n e t i c  i s o t o p e  e f f e c t s  i n  i o n i c  r e a c t i o n s  have  been  
s t u d i e d  e x t e n s i v e l y , 21  w h e re a s  r e l a t i v e l y  few i n v e s t i g a t i o n s  have  
b e e n  made i n  r a d i c a l  s y s te m s .  I s o t o p e  e f f e c t s  i n  th e  h o m o ly s is  o f  
v a r i o u s  a z o  compounds h av e  b een  s t u d i e d  i n  o r d e r  t o  d e te r m in e  
w h e th e r  th e  two C-N bonds r u p t u r e  s t e p w is e  o r  s im u l t a n e o u s l y  ( s e e  
T a b le  i ) ; 2 °> 2 2  t h a t  i s ,  w h e th e r  d i s s o c i a t i o n  i s  b e s t  d e s c r i b e d  by  eq 
3  o r
Ri-N=N-R2  ----- > Ri* +  *N=N-R2  (3 a )
•N=N-R2  ----- > N2  +  R2 - (3 b )
5
T a b le  I .  S e c o n d a ry  D eu te r iu m  I s o t o p e  E f f e c t s  i n  t h e  D e c o m p o s i t io n  o f  
V a r io u s  Azo Compounds
a ,b
Compound T e m p e ra tu re ,  UCo„ *** R e fe r e n c e
CH CH
•  105  1 13Ph-CD-N=N-CD-Ph x
Ph Ph
PhCH2 -CD-N=N-CD-CH2Ph 1 0 6 ,5  1 ,1 0
CH„ CH^
1 4 3 .2  1 .1 5, 3  , 3Ph-CD-N=N-CH-CH,
CH CH_
» 3 |  3
Ph-CH-N=N-CD-CH„ 1 4 3 .2 1 .0 4
CH_
» J
Ph-CD-N=N-CH, 1 6 1 .0 1 .1 3
CH 
\ J







(CD3 ) 2C-N=N-C(CD3) 70 1 ,0 2  h
g
k p  r e f e r s  t o  t h e  compound shown; r e f e r s  t o  t h e  u n l a b e l e d  azo
b ccompound. On a  p e r  d e u te r iu m  b a s i s .  S . S e l t z e r ,  J .  Amer. Chem. S o c . .
8 3 , 2625 ( 1 9 6 1 ) .  ^S . S c h e p p e le  and  S. S e l t z e r ,  i b i d . , 9 0 , 358 (1 9 6 8 ) .
a  f
S . S e l t z e r ,  i b i d . , 8 5 , 14 ( 1 9 6 3 ) .  S . S e l t z e r  and  F. Dunne, i b i d . ,
8 7 , 2628 ( 1 9 6 5 ) .  ®S. S e l t z e r  and  E. H a m i l to n ,  J r . ,  i b i d . , 8 8 , 3775 
( 1 9 6 6 ) .  ^ S .  Rummel, H. H ubner and  P .  K ru m b ie g e l ,  Z. Chem. ,  2» 351(1967)
6
Ri -N“ N-R2 — > Ri* +  N2 +  R2 * GO
a - E f f e c t s  o f  a b o u t  15$  p e r  d e u t e r iu m  would be e x p e c te d  f o r  r e ­
a c t i o n s  i n  w h ich  a C-N bond i s  u n d e rg o in g  s c i s s i o n ;  a - e f f e c t s  
s m a l l e r  th a n  1 5 $ i n  a u n im o le c u l a r  d e c o m p o s i t io n  a r e  i n d i c a t i v e  
o f  l e s s  b r e a k i n g  o f  t h a t  bond i n  t h e  t r a n s i t i o n  s t a t e .  On t h i s  
b a s i s ,  S e l t z e r  was a b l e  t o  c l a s s i f y  a z o  d e c o m p o s i t io n s  i n  te rm s  o f  
o n e - s t e p  o r  tw o - s te p  m e c h a n ism s .22 Thus t h e r e  i s  a n o rm a l a - e f f e c t  
° f  13$  Pe r  d e u te r iu m  in  t h e  d e c o m p o s i t i o n  o f  a z o b i s - a - p h e n y l e t h a n e  
( i ) ,  i n d i c a t i n g  t h a t  th e  two C-N bonds a r e  b r e a k i n g  s i m u l t a n e o u s l y . 20 
a - P h e n y le th y la z o m e th a n e  ( i l )  a p p a r e n t l y  u n d e rg o e s  one-bond  s c i s s i o n ,  
s i n c e  th e  a - e f f e c t  i s  1 3 $  no rm al f o r  t h e  p h e n y l e th y l  m o ie ty ,  b u t  an






i n v e r s e  e f f e c t  o f  1$  r e s u l t s  f o r  ea c h  d e u te r iu m  s u b s t i t u t e d  in  th e  
m e th y l g r o u p .23 A v a i l a b l e  e v id e n c e  i n d i c a t e s  t h a t  th e  a c t i v a t i o n  
e n e rg y  f o r  two-bond s c i s s i o n  i s  lo w e r e d ,  r e l a t i v e  t o  t h a t  f o r  o n e -  
bond s c i s s i o n ,  a s  t h e  d e g re e  o f  r e s o n a n c e  s t a b i l i z a t i o n  o f  t h e  a l k y l  
f r a g m e n ts  a t t a c h e d  t o  t h e  azo  g roup  i n c r e a s e .  P r y o r  f i n d s  t h a t  th e  
r a t e  c o n s t a n t  f o r  d e c o m p o s i t io n  o f  azocumene i s  in d e p e n d e n t  o f  
s o l v e n t  v i s c o s i t y , 24 w h ich  i n d i c a t e s  t h a t  th e  compound u n d e rg o e s  
m u l t i - b o n d  c l e a v a g e .  S in c e  t h e  cumyl and a - p h e n y l e t h y l  r a d i c a l s
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h a v e  t h e  same r e s o n a n c e  s t a b i l i z a t i o n  e n e r g i e s  ( w i t h i n  a few k i l o -  
c a l o r i e s  p e r  m o l e ) ,  th e  r e s u l t s  from  i s o t o p e  e f f e c t  and v i s c o s i t y  
t e s t s  a r e  i n  h a rm ony .
On t h e  b a s i s  o f  th e  i s o t o p e  e f f e c t  ( k ^ /k c  = 1 . 2 0  f o r  f o u r  
d e u t e r iu m  a to m s )  S e l t z e r 22  c o n c lu d e s  t h a t  t h e  two azo  g ro u p s  i n  I I I  









I I I  a ,  X = H 
b ,  X = D
i f  c o n c e r t e d  l o s s  o f  b o th  n i t r o g e n s  was o c c u r r i n g .  T h is  c o n c l u s i o n  
i s  b a sed  on th e  r e a s o n a b l e  a s s u m p t io n s  t h a t  t h e  two C-N bonds i n  one 
az o  l i n k a g e  u n d e rg o  s im u l t a n e o u s  s c i s s i o n  and t h a t  t h i s  s c i s s i o n  
l e a d s  t o  a n  c y - e f f e c t  s i m i l a r  t o  t h a t  found  i n  co m p a ra b le  n o n - c y c l i c  
azo  com pounds.
Thus a  ch an g e  from  sp 3  t o  sp 2  h y b r i d i z a t i o n  i n  azo  d eco m p o si­
t i o n s  i s  a cco m p an ied  by a n o rm a l a - e f f e c t  o f  a b o u t  1 2 $  p e r  d e u t e r iu m .  
^ - E f f e c t s  a r e  much s m a l l e r ,  v a r y i n g  from  ~ 1 $  i n v e r s e  t o  ^^2$ n o rm a l .
Z a v i t s a s  and S e l t z e r 10^  h a v e  r e p o r t e d  t h a t  a t  75° j = 1 . 1 2




■> Ph-CO-CHa +  *CD3  (5 a )
CD3 ■> Ph-CO-CD3  +  -CH3  (5 b )
B oozer et: a l . 23 h av e  p u r p o r t e d l y  i s o l a t e d  th e  f o l l o w i n g  s t e p  
i n  th e  a u t o x i d a t i o n  o f  cum ene, and h av e  r e p o r t e d  t h a t  th e  r a t e  i s
d e c r e a s e d  a b o u t  1 0 $ f o r  ea c h  d e u t e r iu m  s u b s t i t u t e d  i n  a m e th y l g ro u p .  
T h is  v a lu e  i s  a b n o rm a l ly  l a r g e  f o r  a J 3 - e f f e c t ,  and i t  i s  p o s s i b l e  
t h a t  th e  i s o t o p e  e f f e c t  i s  r e n d e r e d  m e a n in g le s s  by c o m p l i c a t i n g
and S e l t z e r . 2 7  The a u t h o r s  a t t r i b u t e  t h i s  u n e x p e c te d  r e s u l t  t o  a 
l a r g e  i n c r e a s e  i n  C-H s t r e t c h i n g  f r e q u e n c i e s  i n  th e  t r a n s i t i o n  s t a t e ,  
and  s u g g e s t  t h a t  th e  u s u a l l y  d o m in an t  change  i n  th e  o u t - o f - p l a n e  
b e n d in g  f r e q u e n c y  i s  n e g l i g i b l e  i n  t h e  p y r o l y s i s  o f  d im e th y lm e r c u r y . 
H ow ever,  t h i s  anom aly  may be e x p l a in e d  by t h e  th e rm a l  n o n e q u i l i b ­
r iu m  c o n d i t i o n s  p r e s e n t  a t  t h e  low p r e s s u r e  u se d  (600 mm H g ) .  F o r  
e x a m p le ,  b o th  th e  m a g n itu d e  and d i r e c t i o n  o f  t h e  i s o t o p e  e f f e c t  on 
th e  i s o m e r i z a t i o n  o f  CH3NC t o  CH3CN a r e  p r e s s u r e  d e p e n d e n t ;  kg/kD  =
0 . 9  a t  600 mm Hg and  1 . 0 7  a t  t h e  h ig h  p r e s s u r e  l i m i t . 28
CH3 c h 3
(6 )
s i d e  r e a c t i o n s . 26
A s l i g h t l y  i n v e r s e  a - e f f e c t  ( iq i /kg  -  0 .9 9  Pe r  d e u te r iu m  a t  
566° ) on t h e  p y r o l y s i s  o f  d im e th y lm e rc u ry  was o b s e rv e d  by W eston
9
K oen ig 29 h a s  s t u d i e d  th e  d e u te r iu m  i s o t o p e  e f f e c t s  i n  t h e  d e ­
c o m p o s i t io n  o f  v a r i o u s  p e r e s t e r s  ( s e e  T a b le  I I ) .  E x c e p t  i n  th e  c a s e  
o f  _ t - b u ty l  p e r a c e t a t e  and _ t -b u ty l  j j - m e th o x y p h e n y lp e r a c e t a t e ,  t h e  
v a l u e  o f  a n  c v - e f f e c t  i s  o n ly  5"6$>. Even s o ,  K oen ig  c o n c lu d e s  t h a t  
bond s c i s s i o n  i s  s y n c h ro n o u s ,  s i n c e  t h e s e  v a l u e s  a r e  to o  l a r g e  t o  
a t t r i b u t e  t o  ^ - e f f e c t s ,  and a l s o  s i n c e  k ^ /k c  = 1 . 0  f o r  h o m o ly s i s  o f  
p e ro x y  compounds known t o  u n d e rg o  s i n g l e  bond c l e a v a g e .  The r e s u l t s  
from  P r y o r ' s  v i s c o s i t y  t e s t  i n d i c a t e  t h a t  _ t - b u ty l  p e r a c e t a t e  and 
_ t - b u ty l  jD -m e th o x y p h e n y lp e ra c e ta te  a r e  m u l t i -  and s i n g l e - b o n d  i n i t i ­
a t o r s ,  r e s p e c t i v e l y , 24  i n  a g re e m e n t  w i t h  t h e  c o n c l u s i o n s  o f  
K oenig29  ( b a s e d  on i s o t o p e  e f f e c t s )  and B a r t l e t t 30  (b a se d  on Ah# 
and AS# v a l u e s ) .  P r y o r  f i n d s  t h a t  t h e  r a t e  c o n s t a n t s  f o r  d eco m p o si­
t i o n  o f  _ t - b u ty l  p h e n y l p e r a c e t a t e  and _ t - b u ty l  j j - n i t r o p h e n y l p e r a c e t a t e  
a r e  v i s c o s i t y  d e p e n d e n t ,  i n d i c a t i v e  o f  s i n g l e - b o n d  h o m o l y s i s ; 24 
th e  c o n c l u s i o n  o f  K o e n ig , 29  B a r t l e t t 3 0  and Neuman31 ( b a s e d  on th e  
p r e s s u r e  depen d en ce  o f  t h e  r a t e  c o n s t a n t s )  i s  t h a t  b o th  o f  t h e s e  
compounds decompose by a c o n c e r t e d  m echanism . The r e a s o n  f o r  t h i s  
d i s c r e p a n c y  i s  n o t  c l e a r . 32
The mode o f  d e c o m p o s i t io n  o f  a c e t y l  p e r o x id e  h a s  g e n e r a t e d  a 
g r e a t  d e a l  o f  c o n t r o v e r s y .  T h ere  i s  u n c e r t a i n t y  a s  t o  w h e th e r  
t h e r m o l y s i s  p ro c e e d s  by s i n g l e  0 - 0  bond c l e a v a g e ,  by c o n c e r t e d  tw o- 
bond c l e a v a g e ,  o r  by c o n c e r t e d  th r e e - b o n d  c l e a v a g e .  E a r l y  w ork  
i n v o l v i n g  i s o t o p e  and s c a v e n g e r  s t u d i e s  i n d i c a t e d  t h a t  a c e t y l  
p e r o x id e  was a m u l t i - b o n d  i n i t i a t o r . 33  H ow ever, T a y lo r  and M a r t i n 34  
r e v e r s e d  t h i s  when th e y  o b s e rv e d  l 8 0  s c r a m b l in g  b e tw ee n  th e  c a r b o n y l  
and  p e r o x i d i c  oxygens i n  r e c o v e re d  p e r o x i d e ;  t h i s  r e s u l t  im p l i e s
10
T a b le  I I .  S eco n d a ry  D eu te r iu m  I s o t o p e  E f f e c t s  I n  t h e  D eco m p o s i t io n  o f  
V a r io u s  P e r e s t e r s
R i n  R-CC^-OBu-jt T e m p e ra tu re ,  °C R e fe r e n c e
CV 1 3 0 .1 1 .0 0 c
( c d 3) 3c - 7 3 .9 1 .0 2 d
Ph
(CD3 ) 2i - 6 0 .6 1 .0 2 d
CH
1 3




Ph-CH- 7 3 .9 1 .0 2 d
Ph-CD2- 8 5 .0 1 .0 6 d
£ - N02 - C6H4 -cd2- 8 5 .0 1 .0 5 c
£-MeO-C6H4-CD2- 6 0 .4 1 .0 3 c
a  kjj r e f e r s  t o  t h e  p e r e s t e r  shown; r e f e r s  t o  u n l a b e l e d  p e r e s t e r .  
^On a  p e r  d e u te r iu m  b a s i s .  CT. K o e n ig ,  J .  H u n t in g to n  and  R. C r u t h o f f ,  
J .  Amer. Chem. S o c . . 9 2 , 5413 ( 1 9 7 0 ) .  ^T. K oen ig  and  R. W olf, i b i d . ,  
91 , 2574 (1 9 6 9 ) .
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t h a t  a c e to x y  r a d i c a l s  h a v e  a f i n i t e ,  th o u g h  t e n u o u s ,  e x i s t e n c e .
K oen ig  and C r u t h o f f 33  fo u n d  t h a t  t h e  r a t e  o f  d e c o m p o s i t i o n  o f  a c e t y l  
p e r o x id e  i s  v i r t u a l l y  u n a f f e c t e d  by d e u t e r iu m  s u b s t i t u t i o n  (kn/kD  =
1 . 0 1 ) ,  w h ich  a l s o  i n d i c a t e s  t h a t  t h e r e  i s  l i t t l e  o r  no m e th y l  r a d i ­
c a l  c h a r a c t e r  i n  t h e  r a t e - d e t e r m i n i n g  t r a n s i t i o n  s t a t e .  P r y o r ' s  
r e s u l t s  a l s o  s u p p o r t  a one-bond  s c i s s i o n  m echan ism , s i n c e  th e  o b ­
s e r v e d  r a t e  c o n s t a n t  f o r  d e c o m p o s i t i o n  o f  a c e t y l  p e r o x id e  i s  v i s ­
c o s i t y  d e p e n d e n t . 24
SECONDARY EFFECTS FOR s p 2  TO sp 3 TRANSITIONS
The s e c o n d a ry  k i n e t i c  i s o t o p e  e f f e c t s  i n  t h e  a d d i t i o n  o f  v a r i o u s  
r a d i c a l s  t o  d e u t e r a t e d  o l e f i n s  a r e  shown i n  T a b le  I I I .  G e n e r a l l y ,  a 
s m a l l  i n v e r s e  e f f e c t  o f  a b o u t  3 “ 5$  i s  o b s e rv e d  f o r  e a c h  d e u t e r iu m  
s u b s t i t u t e d  a t  a c a r b o n  u n d e r g o in g  on s p 2  t o  sp 3  h y b r i d i z a t i o n  
c h a n g e .  I s o t o p e  e f f e c t s  i n  t h e  h o m o ly t i c  s u b s t i t u t i o n  o f  a r o m a t i c  
compounds h a v e  b een  s t u d i e d , 3 6  b u t  i t  i s  n o t  p o s s i b l e  t o  draw u n ­
am biguous c o n c l u s i o n s  f ro m  th e  r e s u l t s .  Normal i s o t o p e  e f f e c t s  a r e  
u s u a l l y  o b s e r v e d ;  f o r  e x a m p le ,  kjj/kj) = l . l l j -  f o r  a d d i t i o n  o f  0 (3P ) 
t o  b en ze n e  and benzene-j3 s . 37
A number o f  s t u d i e s  h a v e  been  made o f  th e  i s o t o p e  e f f e c t s  i n  
th e  p o l y m e r i z a t i o n  o f  s t y r e n e . 4(*»3 8 -4 3  Much o f  th e  i n t e r e s t  i n  t h i s  
a r e a  i s  due t o  th e  f a c t  t h a t  ev en  r i g o r o u s l y  p u r i f i e d  s t y r e n e  i s  
a b l e  t o  in d u c e  th e  f o r m a t io n  o f  f r e e  r a d i c a l s  a t  a r e p r o d u c i b l e  r a t e  
a t  t e m p e r a t u r e s  f a r  to o  low f o r  u n im o le c u l a r  bond h o m o l y s i s . 44  The 
mechanism  o f  th e rm a l  p o l y m e r i z a t i o n  h a s  rem a in ed  an  enigm a f o r  
s e v e r a l  d e c a d e s . 45  A summary o f  th e  i s o t o p e  e f f e c t s  on k p ,  t h e
T a b le  I I I .  
R a d ic a l
S eco n d a ry  D eu te r iu m  I s o t o p e  E f f e c t s  
t o  O le f in s
O l e f i n  T e m p e ra tu re ,  °C
i n  R a d i c a l
W ’”
1 2
A d d i t i o n s
R e fe re n c e
H- c d 2= c d -c d 3 25 0 .9 7 c
cv c d 2= cd 2 65 0 .9 7 d
CD2=CH-CH3 65 0 .9 5 d
CD2=CD-CD3 65 0 .9 3 d
CD2=CD-CD=CD2 65 0 .9 1 d
CD2=CD-Ph 50 0 .9 6 e
c f 3 - c d 2=cd2 65 0 .9 6 d
c d 2= c h -c h 3 65 0 .9 6 d
CD2=CD-CD3 65 0 .9 6 d
CD2=CD-CD=CD2 65 0 .9 3 d
CD2=CD-Ph 65 0 .9 5 d
kp  r e f e r s  to  a d d i t i o n  t o  t h e  o l e f i n  shown; k ^  r e f e r s  t o  a d d i t i o n
to  u n l a b e l e d  o l e f i n .  ^On a  p e r  d e u t e r iu m  b a s i s ;  i t  i s  assum ed t h a t
2 3o n ly  t h e  d e u te r iu m s  s u b s t i t u t e d  a t  a  c a rb o n  u n d e rg o in g  an  sp  t o  sp  
h y b r i d i z a t i o n  change  c o n t r i b u t e  t o  t h e  i s o t o p e  e f f e c t .  CM. T a k a h a s i  
and  R. J .  C v e ta n o v ic ,  Can. J .  Chem. , 40 , 1037 ( 1 9 6 2 ) .  ^M. F e l d ,  A. 
S t e f a n i  and  M. S zw arc , J .  Amer. Chem. S o c . , 8 4 , 4451 ( 1 9 6 2 ) .  eM. M at-  
suoka  and  M. S zw arc ,  i b i d . ,  8 3 , 1260 (1 9 6 1 ) .
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p r o p a g a t i o n  r a t e  c o n s t a n t ,  i n  t h e  r a d i c a l  p o l y m e r i z a t i o n  o f  v a r i o u s  
d e u t e r i o s t y r e n e s  i s  g iv e n  i n  T a b le  IV. The o b s e rv e d  i s o t o p e  e f f e c t s  
c o n s i s t  o f  two com p o n en ts :  one a r i s i n g  from  th e  d e u t e r a t i o n  i n  th e
r a d i c a l  and th e  o t h e r  a r i s i n g  fro m  th e  d e u t e r a t e d  monomer.
I t  s h o u ld  be m e n tio n e d  t h a t  s e c o n d a r y  i s o t o p e  e f f e c t s  hav e  been  
o b s e rv e d  i n  m e c h a n i s t i c  s t u d i e s  o f  c y c l o a d d i t i o n s  and r e t r o - p r o -  
c e s s e s .  They g iv e  i s o t o p e  e f f e c t s  g e n e r a l l y  i n  a c c o rd  w i t h  th e  
r u l e s  o u t l i n e d  a b o v e ,  b u t  t h e  r a d i c a l  n a t u r e  o f  t h e s e  r e a c t i o n s  i s  
s p e c u l a t i v e . 4 s
THE PRESENT CONTRIBUTION
I n  o r d e r  t o  expand  know ledge i n  t h e  f i e l d  o f  i s o t o p e  e f f e c t s  
i n  r a d i c a l  r e a c t i o n s ,  we i n i t i a t e d  a p ro g ram  o f  s tu d y  t o  d e te rm in e  
a c c u r a t e l y  th e  c o n t r i b u t i o n  o f  e a c h  d e u t e r iu m  t o  t h e  o b s e rv e d  
i s o t o p e  e f f e c t s  i n  t h e  p o l y m e r i z a t i o n  o f  l a b e l e d  s t y r e n e s .  A c o n ­
v e n i e n t  t e c h n iq u e  u t i l i z i n g  t r i t i u m - l a b e l e d  s t y r e n e s  a t  t r a c e r  
l e v e l s  was em ployed , and v a l u e s  o f  k j j /k x  ( s e e  eq  7 ) w ere  o b ta in e d  
f o r  a t t a c k  o f  t h e  p o l y s t y r y l  r a d i c a l  on s t y r e n e  v s .  s ty r e n e - J t  f o r
kR
M * +  s t y r e n e   (7 a )
kT
M * +  s ty r e n e - J :  ------- >  (7 b )
s ty re n e -c v - j : ,  - j i - t  and —jo—J t . T h ese  i s o t o p e  e f f e c t s  w ere  t r a n s ­
form ed i n t o  k jj/kjj v a l u e s  v i a  th e  Sw ain  e q u a t i o n ; 47  i t  was t h e n  
p o s s i b l e  t o  c a l c u l a t e  t h e  e f f e c t  o f  e a c h  d e u t e r i u m ,  i n c l u d i n g  th o s e
I k
T a b le  IV. S e c o n d a ry  D e u te r iu m  I s o t o p e  E f f e c t s  on th e  P r o p a g a t i o n  R ate  
C o n s t a n t ,  k ^ ,  f o r  V a r io u s  D e u t e r i o s t y r e n e s
R e a c t a n t s V V
R a d ic a l Monomer R e f .  b R e f .  c R e f .  d R e f .  e
Ph Ph
1
M -CH_-CD* n 2
»
CH2=CD 0 .9 1 0 .9 0 0 .8 6
Ph Ph
M -CD--CH' n 2
1
CD2=CH 0 .8 8 0 .8 7 1 .0 0 0 .8 1
?6D5
M -CH--CH* n 2
j 6 5 
CH2=CH 0 .8 3 i . o o f - 0 .9 6 8
Ph-p-D
\
M -CH--CH* n  2
P h-p-D
1
CH =CH - 1 .0 0 -
-
a kjj r e f e r s  t o  a t t a c k  on u n l a b e l e d  monomer by  an  u n la b e l e d  r a d i c a l ;  
k^  r e f e r s  to  th e  r e a c t i o n  shown. ^W. a .  P r y o r ,  R. W. H e n d e rs o n ,  R. A. 
P a t s i g a  and N. C a r r o l l ,  J .  Amer. Chem. S o c . ,  8 8 , 1199 (1 9 6 6 ) .  CK. 
K i r c h n e r ,  M akromol. Chem ., J96, 179 ( 1 9 6 6 ) .  ^G. S. Hammond and K. Kop-
eck y ,  J .  Polym. S c i . , 6 0 , 554 (1 9 6 2 ) .  eK. Kopecky and S. E v a n i ,  Can.
f  £J .  Chem., 42 , 4049 ( 1 9 6 9 ) .  S ty re n e -o ^ o ^ j j -d . j -  &S tyrene-^ ) ,o -d_2 .
1';
i n  t h e  p o l y s t y r y l  r a d i c a l  and th o s e  i n  th e  monomer u n d e r  a t t a c k .
The seco n d  p h ase  o f  o u r  p rog ram  in v o lv e d  e x t e n s i o n  o f  t h e s e  
t r a c e r  s t u d i e s  to  c o p o l y m e r i z a t i o n s .  We m easured  t h e  i s o t o p e  e f f e c t  
on th e  c r o s s - p r o p a g a t i o n  s t e p  (eq  8 ) ,  i n  w h ich  t h e  g row ing  p o ly m e r ic  
r a d i c a l  h a v in g  a m a le ic  anhydride(M A ) t e r m i n a l  u n i t  adds  t o  s t y r e n e  
( S ) o r  s t y r e n e - ^ ( S * ) . T r i t i u m  s e c o n d a ry  i s o t o p e  e f f e c t s  i n  s t y r e n e
kH
r^yiA- +  s  --------- >  r v ^ _ s . ( g a )
k r
~MA- +  S* -------> r^MA-S • ( 8b )
p o l y m e r i z a t i o n s  w ere  found  to  be r a t h e r  s m a l l ;  t h u s ,  l a b e l e d
s t y r e n e s  c o u ld  be u sed  i n  v e r y  s e n s i t i v e  d e t e r m i n a t i o n s  o f  copo lym er 
c o m p o s i t i o n s .  The r e a c t i v i t y  r a t i o s  f o r  th e  s t y r e n e - m a l e i c  a n h y d r id e  
s y s te m  w ere  d e te r m in e d  a s  an  i l l u s t r a t i v e  exam ple  o f  th e  u s e f u l n e s s  
o f  t h i s  m e thod .
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a - B r o m o s t y r e n e .1 >2  G aseous h y d ro g e n  b rom ide  was g e n e r a t e d  by 
t h e  d ro p w ise  a d d i t i o n  o f  p h o s p h o ru s  t r i b r o m i d e  to  w a t e r .  The gas 
was d r i e d  o v e r  a t r a i n  o f  CaCl2 and P20 5 , and  b u b b le d  th r o u g h  a n  i c e  
c o ld  s o l u t i o n  o f  p h e n y l a c e t y l e n e  (1 7 0  m l ,  1 .5 5  m o le s )  i n  100 ml o f  
h e x a n e  o v e r  a p e r i o d  o f  k h r .  The s o l v e n t  was rem o v e d ,  and th e  
r e s i d u e  was d i s t i l l e d  th ro u g h  a s h o r t ,  packed  colum n t o  g iv e  r e ­
c o v e re d  p h e n y l a c e t y l e n e  (20 g ,  0 .1 9  m o le ,  bp 28-29° a t  8 mm), and 
180 g o f  an  o i l  (bp 2k-60°  a t  0 .5  mm). A s o l u t i o n  o f  t h i s  o i l  and 
90  ml o f  s a t u r a t e d  a l c o h o l i c  p o ta s s iu m  h y d r o x id e  was a l lo w e d  to  
s t a n d  f o r  2 days  a t  - 1 5 ° .  A f t e r  s e p a r a t i o n  o f  l a y e r s ,  t h e  o r g a n ic  
p h a se  was w a s h e d ,  d r i e d  and  d i s t i l l e d  t o  g iv e  I 53  g  o f  a n  o i l ,  
bp ^ 0 -5 5 °  ( 0 . 7  mm). T h is  o i l  was mixed w i t h  320 ml o f  w a t e r ,  36  g 
o f  sod ium  c a r b o n a t e ,  k6 g o f  h y d ro x y la m in e  h y d r o c h l o r i d e ,  and 9 ml 
o f  e t h a n o l ,  and  t h i s  m i x tu r e  was a l lo w e d  t o  s t a n d  f o r  2 days  a t  
- 1 5 ° .  The o r g a n i c  p h a s e  was w a sh e d ,  d r i e d  and d i s t i l l e d  t o  g iv e  
a - b r o m o s ty r e n e  (139 S> 55$ y i e l d ,  bp ^ 1 -^ 2 °  a t  0 . 7  mm). I n  some 
e x p e r im e n t s  a - b r o m o s ty r e n e  p u r c h a s e d  from  th e  C h em ica l  I n t e r m e d i a t e s  
and R e s e a rc h  Co. (P .O . Box 1 4 6 ,  Cuyahoga F a l l s ,  O h io )  was u s e d ;  i t  
had  e s s e n t i a l l y  t h e  same d e g r e e  o f  p u r i t y  as  t h e  m a t e r i a l  s y n t h e ­
s i z e d  a b o v e ,  a l t h o u g h  t h e  i m p u r i t i e s  w ere  n o t  i d e n t i c a l .
A n a l y s i s  by g a s  p h a s e  c h ro m a to g ra p h y  (g p c )  i n d i c a t e d  a compo­
s i t i o n  o f  9 5 $  a - b r o m o s t y r e n e ,  k<fn t r a n s - g - b r o m o s ty r e n e  and a b o u t  1$
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o f  a n  u n i d e n t i f i e d  t h i r d  m a t e r i a l .  The n u c l e a r  m a g n e t ic  r e s o n a n c e  
(nm r) s p e c t r u m  ta k e n  w i t h  a V a r ia n  A-60A i n s t r u m e n t  (29$  i n  c a r b o n  
t e t r a c h l o r i d e ;  TMS i n t e r n a l  s t a n d a r d )  showed b ro a d  a b s o r p t i o n  from  
7 . 0  to  J . 6  ppm due t o  t h e  a r o m a t ic  p r o t o n s ,  a p a i r  o f  d o u b l e t s  w i t h  
a s p l i t t i n g  o f  2 cp s  c e n t e r e d  a t  5 . 6 2 and  5*90 PPm due  t o  t h e  two _3 
p r o t o n s ,  and  a peak  from  an  i m p u r i ty  a t  i{-.1  ppm ( n o t  J3 -b rom osty -  
r e n e ) .  No s t y r e n e  i m p u r i ty  was p r e s e n t .  The i n f r a r e d  s p e c t ru m  c o n ­
f i rm e d  th e  i d e n t i f i c a t i o n ,  show ing  s t r o n g  p e a k s  a t  3 *2 8 , 5 *9 5 , 6 . 2 0 ,
6 . 7I ,  6 . 9 1 ,  7 . 8 2 , 8 . 2 5 , 9 . ^ 5 , 9 . 7 5 , 1 1 . 3 ,  1 3 . 0  and  l k . 3 n .
S ty rene-a -< 3  was s y n t h e s i z e d  t o  d e m o n s t r a t e  t h e  i s o t o p i c  p u r i t y  
o f  t h e  t r i t i a t e d  com pounds . 3  A s o l u t i o n  o f  a - b r o m o s ty r e n e  (50 g ,
0 . 2 7  m o le )  i n  100 ml o f  t e t r a h y d r o f u r a n  (THF) was added  d ro p w is e  t o  
a  s t i r r e d  m ix tu r e  o f  m agnesium  ( I 5 .O g ,  0 . 6 2  m o le )  i n  25 ml o f  THF i n  
a  f l a s k  f l u s h e d  w i t h  d r i e d  n i t r o g e n .  M ild  r e f l u x i n g  was m a in ta i n e d  
d u r i n g  a d d i t i o n  and  th e n  f o r  a n o t h e r  30 m i n u t e s .  The G r ig n a rd  s a l t  
was h y d r o ly z e d  w i t h  9 ml o f  D20 (9 9 * 8 $ ,  N u c le a r  R e s e a r c h  C h e m ic a ls )  
i n  50 ml o f  THF, a f t e r  w h ic h  t h e  s o l u t i o n  was w ashed  w i t h  a 
m ix tu r e  o f  100 ml o f  w a t e r ,  50 ml o f  HC1 and 50 ml o f  e t h e r *  The o r ­
g a n i c  l a y e r  was s e p a r a t e d ,  t h e  aq u eo u s  p h a s e  was w ashed  w i t h  30  ml 
o f  e t h e r ,  and t h e  com bined o r g a n i c  p h a s e s  w e re  w ashed  w i t h  a s a t u ­
r a t e d  sod ium  c h l o r i d e  s o l u t i o n .  E t h e r  was rem oved u n d e r  r e d u c e d  
p r e s s u r e  and t h e  s t y r e n e  d i s t i l l e d ,  g i v i n g  1 0 .3  g (bp 3 2 - 33° a t  
10  mm) o f  p r o d u c t .
The i n f r a r e d  s p e c t ru m  o f  t h i s  s t y r e n e - a - d ,  a g r e e d  w i t h  t h a t  
r e p o r t e d  by K o b a y a s h i , 4  show ing  p e a k s  a t  3 . ^ 1 ,  k .5 0  (C-D s t r e t c h ) ,  
6 .2 0  , 6 .7 0  , 6 .9 2  , 7*12  , 8 .2 5  , 9 .3 0  , 9 . 7 5 , H . O ,  1 2 . 0 , 1 3 .0  and
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1 4 .5  M>. The s p e c t ru m  r e p o r t e d  by K o b a y a sh i  h a s  a peak  a t  1 2 .4  p. 
w h ich  i s  m i s s i n g  i n  o u r  m a t e r i a l .  The nmr s p e c t ru m 5 *6  shows a peak  
a t  5*10  ppm and one a t  5 -6 3  ppm due t o  th e  t r a n s -  and c i s -g  p r o t o n s , 
r e s p e c t i v e l y ,  w i t h  a s p l i t t i n g  o f  2  c p s ,  a p eak  a t  a b o u t  7 . 2  ppm due 
t o  th e  a r o m a t i c  p r o t o n s ,  and  o n ly  low a b s o r p t i o n  a t  6 . 3  t o  6 . 9  PPm» 
th e  r e g i o n  c h a r a c t e r i s t i c  o f  a n  a  p r o t o n .  I n t e g r a t i o n  g iv e s  
1 1 8 : 3 : 2 4 : 2 4  f o r  t h e  a r e a s  o f  t h e  a r o m a t i c ,  a ,  c i s - g , and  t r a n s -g 
p r o t o n s ,  r e s p e c t i v e l y ,  im p ly in g  t h a t  norm al s t y r e n e  i s  p r e s e n t  a s  
an  i m p u r i t y  t o  th e  e x t e n t  o f  a b o u t  1 2 $ .  The s m a l l  am ount o f  t r a n s -  
^ - b r o m o s t y r e n e  p r e s e n t  i n  t h e  a - b r o m o s t y r e n e , t h e  e q u i v a l e n c e  o f  
th e  a r e a s  o f  t h e  two £  p r o t o n s ,  and  th e  5 -0 : 2 .0 2  r a t i o  o f  r i n g  t o  
J3 p r o t o n s  a l l  i n d i c a t e  t h a t  no styrene-J3-_d i s  p ro d u c e d  by t h i s  
s y n t h e s i s .
S t y r e n e - a - j :  was p r e p a r e d  by  a p r o c e d u r e  s i m i l a r  t o  t h a t  a b o v e .  
a -B ro m o s ty re n e  (3 -0  g ,  0 .0 1 6  m o le )  in T H F (6  m l) was added  o v e r  30 
m in u te s  t o  magnesium t u r n i n g s  ( 0 .7 2  g ,  0 . 0 3  m o le )  in T H F (6  m l ) , a f t e r  
w h ich  t h e  m i x tu r e  was s t i r r e d  f o r  one h o u r  a t  room t e m p e r a t u r e .  
H y d r o l y s i s  was a c c o m p l i s h e d  by  a d d in g  75 4 HsO-^t (3 .7 5  mCi; N u c le a r  
R e s e a r c h  C h e m ic a ls )  i n  0 . 2 3  ml o f  w a t e r  and 10 ml o f  THF o v e r  10 min 
from  a d ro p p in g  f u n n e l .  A s t r e a m  o f  n i t r o g e n  was p a s s e d  o v e r  th e  
r e a c t i o n  m i x tu r e  u n t i l  t h e  volum e was r e d u c e d  by one t h i r d .  Com­
m e r c i a l  s t y r e n e  (5 0  m l)  was a d d e d ,  and t h e  s o l u t i o n  d i s t i l l e d ;  th e  
m id d le  f r a c t i o n  was c o l l e c t e d  a t  27° (6  mm). The y i e l d  was 20 ml 
o f  m a t e r i a l  w i t h  a n  a c t i v i t y  o f  a p p r o x im a te ly  3*6  x  1 0 s  d i s i n t e ­
g r a t i o n s  p e r  m in u te  p e r  gram  (DPM/g), a 25$ y i e l d  b a s e d  i n  t r i t i u m  
( t h i s  c a l c u l a t i o n  a l l o w s  f o r  a s t a t i s t i c a l  f a c t o r  o f  1 / 2  i n  t h e
25
h y d r o l y s i s  s t e p  b u t  n o t  f o r  an  i s o t o p e  e f f e c t ) .  T h i s  m a t e r i a l  was 
d i l u t e d  w i t h  100 ml o f  s t y r e n e  and r e d i s t i l l e d ;  t h e  c e n t e r  c u t  was 
p r e p o ly m e r i z e d 7 and r e d i s t i l l e d  t o  a f f o r d  60 ml o f  p u r i f i e d  monomer.
P e rm a n g a n a te  o x i d a t i o n 8 o f  a sam ple  o f  s t y r e n e - a - _ t  y i e l d e d  
i n a c t i v e  b e n z o ic  a c i d ,  w h ich  i n d i c a t e s  t h a t  l a b e l i n g  i s  n o t  i n t r o ­
duced  i n t o  t h e  r i n g  d u r i n g  t h e  s y n t h e s i s .  One gram o f  s ty re n e -a -J j :  
was added  to  a s o l u t i o n  c o n s i s t i n g  o f  60 ml o f  w a t e r ,  k g o f  KMn0 4 , 
and one ml o f  10$, sod ium  h y d r o x id e .  The m ix tu r e  was r e f l u x e d  f o r  
3 h o u r s ,  th e n  c o o le d  t o  room t e m p e r a t u r e ,  f i l t e r e d ,  a c i d i f i e d  w i th  
s u l f u r i c  a c i d  and  r e f r i g e r a t e d  f o r  one h o u r  a t  - 5 ° .  The a c i d  was 
c o l l e c t e d  on a f i l t e r  and r e c r y s t a l l i z e d  from  b e n z e n e .  The c o u n t  
r a t e  f o r  2 0 .7  mg o f  t h i s  b e n z o ic  a c i d  was ^ 7 .0  CPM (b ack g ro u n d  =
2b . 6  CPM). Thus more th a n  99-9$) ° f  t h e  a c t i v i t y  i n  t h e  s t y r e n e  i s  
removed by t h e  o x i d a t i o n .
J3 -B rom osty rene  was r e l a t i v e l y  p u re  a s  p u rc h a s e d  from  E as tm an . 
R e c r y s t a l l i z a t i o n  i n c r e a s e d  th e  t r a n s  t o  c i s  r a t i o  b u t  d id  n o t  
o t h e r w i s e  a f f e c t  p u r i t y .  The m a t e r i a l  u se d  f o r  s y n t h e s i s  was 
e s t i m a t e d  by gpc t o  be 90$  t r a n s . The i n f r a r e d  s p e c t ru m  s u p p o r t s  t h e  
a n a l y s i s ,  show ing  m a jo r  p e a k s  i n  a g re e m e n t  w i t h  t h o s e  o f  Y o sh in o ,
_et a_ l.6^ The nmr s p e c t ru m  h a s  a r e a s  i n  t h e  r a t i o  o f  5 . 0 : 1 . 0 : 1 . 0  
f o r  t h e  a r o m a t i c ,  a ,  and  J3 p r o t o n s ,  a s  e x p e c t e d .  a -B ro m o s ty re n e  
d e f i n i t e l y  i s  n o t  p r e s e n t .
S t y r e n e - £ - j d . £ -B ro m o s ty r e n e  ( 5 .0  g ,  0 . 0 2 7  m o le )  and  e t h y l  
b ro m id e  ( ^ .5  g> 0 .0 ^ 1  m o le)  w e re  com bined w i t h  15  ml o f  THF, and  
added  d r o p - w is e  o v e r  an  h o u r  t o  a s t i r r e d  m ix tu r e  o f  1 .8 2  g o f  
magnesium (O.O78  m o le)  i n  20 ml o f  THF. The t e m p e r a t u r e  was k e p t
2k-
below  60° d u r in g  th e  a d d i t i o n ,  a f t e r  w h ich  th e  r e a c t i o n  m ix tu r e  was 
a l lo w e d  t o  s t a n d  a t  room te m p e r a t u r e  f o r  a n  h o u r .  A s o l u t i o n  o f  
10 ml o f  D20 i n  20 ml o f  THF was u se d  t o  h y d r o ly z e  t h e  G r ig n a rd  
s a l t ;  d i s t i l l a t i o n  y i e l d e d  a b o u t  one gram o f  s ty ren e -£ -_ d  (bp 
27° /5  mm). The nmr o f  t h i s  m a t e r i a l  showed p r o to n s  i n  t h e  r a t i o  
o f  5 . 0 : 1 . 0 8 : 1 . 0 9  f o r  t h e  a r o m a t i c ,  a ,  and £  p o s i t i o n s ,  r e s p e c t i v e l y .  
T h e r e f o r e  s ty re n e -a -^ 1  was a b s e n t ;  c o m p a r is o n  o f  t h e  i n f r a r e d  s p e c t r a  
o f  a -  and J3-styrene-_d  c o n f i rm e d  t h i s .  T h e re  was no a b s o r p t i o n  band  a t  
3.02H i n  t h e  i n f r a r e d  s p e c t ru m  o f  t h e  p r o d u c t ;  t h u s  p h e n y l a c e t y l e n e ,  
w h ich  h a s  a  s t r o n g  band  a t  3-.02U, was n o t  p r e s e n t  a s  an  i m p u r i t y .
S ty rene-J3 -_ t.  P r i o r  t o  t h e  a d d i t i o n  o f  w a t e r  t o  h y d r o ly z e  th e  
G r ig n a rd  s a l t ,  t h e  same p r o c e d u r e  was u sed  f o r  p r e p a r a t i o n  o f  s t y r e n e -  
and  -j3-_t. A t  t h i s  j u n c t u r e  t r i t i a t e d  w a t e r  r e p l a c e d  th e  D20 ,  
and th e  s y n t h e s i s  c o n t i n u e d  a s  f o l l o w s :  a  m ix tu r e  o f  1+0 \  o f  H20-_t
(2 mCi) and  1 . 2 2  ml o f  w a t e r  ( 0 .0 7  m o le )  was added  t o  15  ml o f  THF. 
The G r ig n a r d  s o l u t i o n  was d i l u t e d  w i t h  50 ml o f  THF, and th e  THF- 
w a t e r  m ix tu r e  was added  t o  i t  f rom  a n  a d d i t i o n  f u n n e l  o v e r  a 4-5 
m in u te  p e r i o d .
Normal s t y r e n e  (4-0 m l)  was a d d e d ,  t h e  v o l a t i l e  m a t e r i a l  was 
removed u n d e r  r e d u c e d  p r e s s u r e ,  and a 20 ml f r a c t i o n  b o i l i n g  a t  27°
(5 mm) was c o l l e c t e d ;  t h i s . f r a c t i o n  was com bined w i t h  a n o t h e r  40 ml 
o f  s t y r e n e  and r e d i s t i l l e d  ( 27° a t  6  mm) a f t e r  p r e p o l y m e r i z a t i o n . 7  
The s p e c i f i c  a c t i v i t y  o f  t h i s  m a t e r i a l  was 5,4- x 1 0 s DPM/g, a 5$ 
y i e l d  b a s e d  on t r i t i u m .  O x i d a t i o n 8  o f  s ty ren e - j3 -_ t  removed 99*8$ 
o f  t h e  a c t i v i t y .
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£ -B ro m o s ty re n e  (Colum bia O rg a n ic  C h e m ic a ls )  was f r e e  o f  impu­
r i t i e s ,  a s  shown by gpc and th e  nmr and i n f r a r e d  s p e c t r a .
S ty re n e -£ -_ t  was s y n t h e s i z e d  by th e  same p r o c e d u re  a s  was u sed  
t o  p r e p a r e  s t y r e n e - a - _ t , e x c e p t  t h a t  £ - b r o m o s ty r e n e  r e p l a c e d  a -b ro m o -  
s t y r e n e  in  th e  r e a c t i o n  s e q u e n c e .  B e n z o ic  a c i d  r e s u l t i n g  from  
p e rm a n g a n a te  o x i d a t i o n  o f  t h i s  m a t e r i a l  had  e s s e n t i a l l y  t h e  same 
a c t i v i t y  ( ^ .3 3  x 1 0 s  DPM/mole) as  th e  s ty r e n e - £ - _ t  ( 4 .^ 1  x 1 0 s  
DPM /mole), i n d i c a t i n g  t h a t  o n ly  t h e  r i n g  was l a b e l e d  and a l s o  t h a t  
r i n g  a c t i v i t y  was i n v i o l a b l e  d u r in g  s i d e - c h a i n  o x i d a t i o n .  T h is  
r e s u l t  d e m o n s t r a te d  t h a t  t h e  l a c k  o f  a c t i v i t y  i n  t h e  b e n z o ic  a c id  
p r e p a r e d  from  s ty r e n e - a - J :  and j3-_t was c o n c l u s i v e  e v id e n c e  t h a t  no 
r i n g - l a b e l i n g  was p r e s e n t  i n  t h e s e  two t r i t i a t e d  monomers.
S ty r e n e - £ - _ t . A t te m p ts  t o  p r e p a r e  s ty r e n e - £ - _ t  ( u s in g  o>-bromo- 
s t y r e n e )  w ere  u n s u c c e s s f u l ;  i n  eac h  c a s e  o n ly  i n a c t i v e  m a t e r i a l  was 
i s o l a t e d .
S ty r e n e  (E as tm an  W hite  L a b e l )  was d i s t i l l e d ,  p r e p o l y m e r i z e d , 7  
and r e d i s t i l l e d .  The p r e p o l y m e r i z a t i o n  and d i s t i l l a t i o n  p r o c e d u r e  
was r e p e a t e d  im m e d ia te ly  p r i o r  t o  u s e .
M a le ic  A n h y d r id e  ( F i s h e r )  was r e c r y s t a l l i z e d  from  c h l o r o f o r m  
two t i m e s ,  and th e n  d r i e d  i n  a vacuum d e s i c c a t o r .
2 , 2 t -A z o -b i s - i s o b u t y r o n i t r i l e  (E astm an  W hite  L a b e l )  was r e ­
c r y s t a l l i z e d  tw ic e  f ro m  e t h a n o l ,  and  t h e n  d r i e d  i n  a vacuum 
d e s i c c a t o r .
T o lu en e  (B a k e r )  and p - d io x a n e  (M ath eso n ,  Coleman and  B e l l  r e ­
a g e n t  g r a d e )  w e re  d r i e d  and d i s t i l l e d  p r i o r  t o  u s e .
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POLYMERIZATION TECHNIQUES
P o l y m e r i z a t i o n s  w ere  c o n d u c te d  i n  s e a l e d  a m p o u le s ,  and po lym ers  
w ere  i s o l a t e d  e i t h e r  by p r e c i p i t a t i o n  w i t h  m e th a n o l  o r  by f r e e z e -  
d r y i n g .  I n  a t y p i c a l  p o l y m e r i z a t i o n ,  a m easured  amount o f  a b enzene  
s o l u t i o n  o f  a z o - b i s - i s o b u t y r o n i t r i l e  (AIBN) was in t r o d u c e d  i n t o  a 
10 -m l am p o u le ,  and t h e  b e n ze n e  was pumped o f f .  The r e q u i r e d  amount 
o f  m onom er(s)  was a d d e d ,  and th e  am poule was a t t a c h e d  t o  a vacuum 
l i n e .  The am poule was d e - a i r e d  by t h r e e  f r e e z e -p u m p - th a w  c y c l e s ,  
s e a l e d  o f f  u n d e r  vacuum , and p l a c e d  i n  a c o n s t a n t  t e m p e r a t u r e  b a th  
f o r  t h e  a p p r o p r i a t e  l e n g t h  o f  t im e .  The r e a c t i o n  m ix tu r e  was 
d i l u t e d  w i t h  a n  e q u a l  volume o f  b en ze n e  and th e n  p o u red  i n t o  tw ic e  
i t s  volum e o f  i c e  c o l d  ( - I 50 ) m e th a n o l .  The po lym er was f i l t e r e d  
(Whatman No. 2 f i l t e r  p a p e r )  from  th e  p r e c i p i t a t i o n  m i x t u r e ,  d i s ­
s o lv e d  i n  5 ml  ° f  b e n z e n e ,  and f r e e z e - d r i e d . 9  The d r y ,  f l u f f y  
po lym er was r e d i s s o l v e d  i n  5 ml  o f  b e n z e n e ,  and t h e  f r e e z e - d r y i n g  
p r o c e d u r e  was r e p e a t e d  f o u r  t i m e s .  I f  q u a n t i t a t i v e  t r a n s f e r  o f  
po lym er was d e s i r e d ,  t h e  e n t i r e  p o l y m e r i z a t i o n  s o l u t i o n  was w ashed 
w i t h  b e n z e n e  i n t o  a n  E r le n m e y e r  f l a s k ,  a f t e r  w h ich  f r e e z e - d r y i n g  
was p e r fo rm e d  i n  t h e  u s u a l  w ay. I t  was found  t h a t  r e p e a t e d  p r e ­
c i p i t a t i o n s  d id  n o t  a f f e c t  t h e  s p e c i f i c  a c t i v i t y  o f  th e  p o ly m er .  
S t y r e n e - m a l e i c  a n h y d r id e  co p o ly m er  was i s o l a t e d  by  t h e  p ro c e d u re  
o u t l i n e d  a b o v e ,  e x c e p t  t h a t  j> -d io x an e  r e p l a c e d  b en zen e  a s  s o l v e n t .  
O c c a s i o n a l l y  a s m a l l  am ount o f  a c e to n e  was added  t o  e f f e c t  com­
p l e t e  d i s s o l u t i o n  o f  t h e  c o p o ly m e r .
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COUNTING PROCEDURES
An a m b ie n t - t e m p e r a tu r e  Beckman L S -25O L iq u id  S c i n t i l l a t i o n  
S p e c t ro m e te r  was u s e d  f o r  c o u n t in g  t h e  t r i t i a t e d  s a m p le s .  I n  t h e  
c a s e  o f  p o l y s t y r e n e  t h e  l i q u i d  s c i n t i l l a t i o n  c o u n t in g  (LSC) s o l u ­
t i o n  was to l u e n e  c o n t a i n i n g !  g / 1. o f  l A - b i s - 2 - ( ^ - m e t h y l - 5 - p h e n y l -  
o x a z o y l ) - b e n z e n e  (d im e th y l  POPOP) and  6 .g /1 .  o f  2 , 5 ” d ip h e n y lo x a z o l e  
(PPO). The s t y r e n e - m a l e i c  a n h y d r id e  co p o ly m ers  w ere  i n s o l u b l e  i n  
t o l u e n e ;  th e  LSC s o l u t i o n  u se d  f o r  them was jD -dioxane c o n t a i n i n g  0 . 8  
g / 1 .  o f  . d im e th y l  POPOP, 6 g /1 .  o f  PPO, and 80 g /1 .  o f  n a p h t h a l e n e .  
Q uench ing  was m o n i to r e d  by th e  e x t e r n a l  s t a n d a r d - c h a n n e l s  r a t i o  
(ESCR) m e th o d , w h ich  u t i l i z e s  a c h a n n e l s  r a t i o  o f  e x t e r n a l  s t a n d a r d  
c o u n t s  i n  two w in d o w s .
A f t e r  a tw o -h o u r  d a r k  a d a p t a t i o n  p e r i o d  e a c h  sam ple  was c o u n te d  
a minimum o f  f i v e  t im e s  ( a p p r o x im a te ly  1 0 s  t o t a l  c o u n t s ,  a 2  a  e r r o r  
o f  + 0 . 2 ^ ) ,  and  i t s  c o u n t  r a t e s  and ESCR- v a l u e s  w ere  a v e r a g e d .
A v a r i e t y  o f  q u e n c h in g  a g e n t s  (e ._ g . , b e n z o ic  a c i d ,  n i t r o m e t h a n e , 
c h l o r o f o r m ,  p o l y s t y r e n e )  gave  t h e  same e f f i c i e n c y  c o r r e c t i o n  l i n e ,  
and  so  c o u n t  e f f i c i e n c y  was m easu red  w i t h  a s e t  o f  s e a l e d  P a c k a rd  
s t a n d a r d s  i n  w h ich  n i t r o m e t h a n e  was p r e s e n t  a s  a q u e n c h e r .  S ty r e n e  
quenched  s e v e r e l y ,  b u t  i t s  po lym er d id  n o t .  F o r  t h i s  r e a s o n ,  
s t y r e n e  was c o n v e r t e d  a s  c o m p le te ly  a s  p o s s i b l e  t o  p o ly m e r ,  and th e  
a c t i v i t y  o f  t h i s  h i g h - c o n v e r s i o n  po lym er was u s e d  a s  a f i r s t  a p p r o x ­
im a t io n  t o  th e  monomer a c t i v i t y  ( s e e  A ppend ix  A ) .  T h i s  m ethod was con ­
s i d e r e d  t o  be  t h e  m ost d i r e c t  way o f  com paring  t h e  s p e c i f i c  a c t i v i t y  
o f  monomer and lo w - c o n v e r s io n  p o ly m e r .  S ta n d a rd  sam p les  o f  I 5 t o  
50 mg o f  po lym er i n  13  ml o f  LSC s o l u t i o n  w ere  c o u n t e d , and  a c o r ­
r e c t i o n  was made f o r  t h e  s m a l l  amount o f  q u e n c h in g .
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CHAPTER 3 
RESULTS AND DISCUSSION
HYDROGEN ISOTOPE EFFECTS IN STYRENE POLYMERIZATION
T r i t i a t e d  s t y r e n e  i s  p r e s e n t  a t  t r a c e r  l e v e l s ,  and t h e r e f o r e  
t h e  o n ly  im p o r t a n t  r e a c t i o n  w h ich  l e a d s  t o  l a b e l e d  po ly m er  i s  
a t t a c k  on s ty r e n e - J t  by  a p o ly m e r ic  r a d i c a l  w h ich  h a s  an  u n l a b e l e d  
and  u n i t .  I t  i s  assum ed t h a t  t h e  p a r t i t i o n
^h
M • + s t y r e n e   > Mn+ i  ( l a )
k TM • + s t y r e n e - ^   > ( l b )
i s  n o t  a f f e c t e d  by t h e  p r e s e n c e  o f  a t r i t i a t e d  end monomer u n i t  
i n  th e  r a d i c a l .  E q u a t io n  2 was u sed  t o  c a l c u l a t e  k g /k ^ . 1 *2
l n ( l  -  f i )  
kH/ k T = SAPj. ^
l n (1  " SAM
w h ere  SAPj[ i s  th e  s p e c i f i c  a c t i v i t y  o f  t h e  po lym er a t  m a c ro sc o p ic  
c o n v e r s io n  f r a c t i o n  f j  and SAM i s  t h e  s p e c i f i c  a c t i v i t y  o f  th e  
monomer. The method u sed  t o  d e t e r m in e  SAM i s  d e s c r i b e d  i n  t h e  e x ­
p e r i m e n t a l  s e c t i o n  and  A ppend ix  A ( i n  w h ich  a sam ple  c a l c u l a t i o n  i s  
g i v e n ) .  B r i e f l y ,  s ty r e n e -_ t  was c o n v e r t e d  to  po lym er a s  q u a n t i t a t i v e l y
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a s  p o s s i b l e ,  and th e  po lym er was i s o l a t e d  and c o u n t e d .  The v a lu e  
o f  SAP f o r  t h i s  h i g h - c o n v e r s i o n  po lym er was u sed  a s  a f i r s t  a p p r o x ­
im a t io n  t o  SAM, and k n / k f  was c a l c u l a t e d  f o r  low c o n v e r s io n  r u n s ,  
u s i n g  eq 3 *
S in c e  k i n e t i c  c h a i n  l e n g t h s  a r e  lo n g  (~104 ) ,  i t  s h o u ld  be  im­
m a t e r i a l  w h e th e r  t h e s e  p o l y m e r i z a t i o n s  a r e  i n i t i a t e d  t h e r m a l l y  o r  
w i t h  AIBN t o  a t t a i n  a p a r t i c u l a r  f r a c t i o n  c o n v e r s i o n .  H o d n e t t2  
found  t h i s  t o  be t r u e  f o r  s t y r e n e - | [ - 4 C , and we fo u n d  s i m i l a r  r e s u l t s  
w i t h  t r i t i a t e d  s t y r e n e  ( s e e  T a b le  i ) ,  b o th  f o r  low and h ig h  c o n ­
v e r s i o n  r u n s .
The i s o t o p e  e f f e c t s  i n  th e  p o l y m e r i z a t i o n  o f  s t y r e n e - a - j t ,  
and -£-t_  a r e  shown i n  T a b le s  I I ,  I I I ,  and IV , r e s p e c t i v e l y ,  and a 
summary i s  g iv e n  i n  T a b le  V. We f i n d  t h a t  t h e  i s o t o p e  e f f e c t  i s  h<j, 
norm al i n  th e  c a s e  o f  s t y r e n e - a - _ t ,  3$  i n v e r s e  f o r  s t y r e n e a n d  
t h a t  t h e r e  i s  no e f f e c t  i n  t h e  c a s e  o f  s t y r e n e - £ - J i .  T a b le  VI shows 
t h a t  th e  i s o t o p e  e f f e c t  f o r  s ty r e n e - £ - J t  i s  c o n s t a n t  i n  v a r i o u s  
m e d ia .  P r e v i o u s l y ,  v a l u e s  o f  k g / k j  o f  0 .9 9  f ° r  s t y r e n e - a - J :  and 
0 .9 3  f o r  s ty rene -j3 -_ t  w ere  r e p o r t e d ;3 t h e s e  r e s u l t s  w ere  o b t a i n e d  on 
a l i q u i d  s c i n t i l l a t i o n  c o u n t e r  o p e r a t i n g  a t  o n ly  1 2 $ e f f i c i e n c y .
The Beckman LS-250 l i q u i d  s c i n t i l l a t i o n  c o u n t e r  em ployed i n  t h e  p r e ­
s e n t  s tu d y  o p e r a t e d  a t  a n  e f f i c i e n c y  o f  a b o u t  50$ ,  and i t  a p p e a r s  
t h a t  m ach ine  i n e f f i c i e n c y  i n  t h e  fo rm e r  w ork  i s  t h e  s o u r c e  o f  th e  
d i s c r e p a n c y .  I t  s h o u ld  be p o in t e d  o u t  t h a t  i n  t h e  p r e v io u s  w ork3  
t h e  s t y r e n e - j 3-_t i s o t o p e  e f f e c t  became more i n v e r s e  w i t h  i n c r e a s i n g  
t e m p e r a t u r e ,  c o n t r a r y  b o th  t o  s im p le  t h e o r y  and  t o  o u r  p r e s e n t  
r e s u l t s .
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T a b le  I .  E f f e c t  o f  P o ly m e r i z a t i o n  C o n d i t i o n s  on  t h e  S p e c i f i c  
A c t i v i t y  o f  Polym ers(SA P)
Monomer T e m p e ra tu re ,  °C [AIBN] xlO ^ C o n v e r s io n ,  % SAP x l 0 ~ 6a
Low C o n v e r s io n  Runs
Styrene-j3-_ t 60 5 .9 5 .4 9
S t y r e n e - j 3 - t 60 6 .1 5 7 .5 5 .5 0
S ty re n e -£ -_ t 60 3 .6 8 .4 7
S ty re n e -£ -_ t 60 3 .0 5 8 .9 8 .4 1
H igh C o n v e r s io n  Runs
S ty rene-_ 3~_t 60 1 .2 3 9 2 .6 5 .3 8
S ty re n e -3 -_ t 100 8 9 .9 5 .3 3
In  d i s i n t e g r a t i o n s  p e r  m in u te  p e r  gram(DPM /g).
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T a b le  I I .  I s o t o p e  E f f e c t s  f o r  S t y r e n e - a - t ^  a t  60 and 100°
P o lym er
No.
T e m p e ra tu re ,  {AIBN] 
°C x lO 3
C o n v e r s io n ,
%
C o u n te d , 
mg
SAP, 
xlO  a kH/k T
1 0 -1 100 9 4 .4 3 8 .8 3 .6 1
- 2 3 8 .3 3 .6 3
- 3 4 4 .7 3 .6 0
m
- 4 4 7 .7 3 .5 7
8 -1 60 9 .7 1 5 . 8 3 5 .8 3 .5 1
- 2 3 5 .9 3 .4 8 1 , 0 4 3
- 3 3 5 .2 3 .4 6
9 -1 60 9 .7 1 5 .7 3 6 .0 3 .4 9
- 2 4 0 .3 3 .4 7 1 . 0 4 3
- 3 5 3 .2 3 .4 7
7-1 100 7 .9 3 4 .3 3 .4 8
- 2 4 2 .7 3 .5 2
- 3 3 9 .1 3 .4 8 1 . 0 4 2
- 4 3 5 .1 3 .4 6
-5 3 1 .7 3 .4 8
- 6 4 7 .5 3 .4 7
I n  d i s i n t e g r a t i o n s  p e r  m in u te  p e r  gram (D PM /g).
T a b le I I I .  I s o t o p e  E f f e c t s  f o r  S ty re n e -$ -_ t a t  60 and 1 0 0 °
No.
T e m p e ra tu re ,  [AIBN] 
°C x lO 3
C o n v e r s io n ,
%
P olym er




108 -1 100 9 1 .9 4 6 .9 5 .3 5
- 2 4 3 .6 5 .3 9
- 3 5 7 .9 5 .3 6
- 4 3 5 .5 5 .3 7 "
- 5 4 7 .6 5 .3 3
- 6 3 3 .8 5 .4 1
1 0 9 -1 60 5 .9 4 3 .0 5 .4 7
- 2 3 9 .7 5 .4 9 0 .9 7 o
- 3 3 8 .2 5 .5 2
103-1
- 2
60 6 .1 5 7 .5 3 3 .6
3 7 .5
5 .5 0
5 .4 8 0 . 9 6 g
1 1 1 -1 60 0 .4 6 1 1 .7 5 2 .8 5 .4 9






5 .5 4 0 .9 6 5
- 5 3 5 .5 5 .5 7
- 6 4 0 .0 5 .5 4
1 1 5 -1 100 1 0 .0 4 2 .0 5 .4 5
- 2 4 1 .2 5 .4 4 0 . 9 7 4
- 3 4 7 .8 5 .4 9
a
I n  d i s i n t e g r a t i o n s  p e r  m in u te  p e r  gram(DPM/g).
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T a b le IV. I s o t o p e  E f f e c t s  f o r S t y r e n e - £ - t a t  60 and 100 °
No.




C o n v e r s io n ,
%
Po lym er




5 0 -1 100 9 .7 1 9 4 .4 3 8 .1 4 .2 8
- 2 , 3 9 .1 4 .2 4
- 3 3 4 .8 4 .2 5 ~
- 4 4 0 .1 4 .2 3
5 1-1 60 3 .0 5 8 .9 3 3 .3 4 .2 2
- 2 3 4 .8 4 .2 0 i . o o 2
- 3 2 9 .8 4 .2 5
5 2 -1 60 - 3 .6 3 3 .9 4 .2 2
- 2 2 6 .9 4 .2 5 1 . 0 0 1
- 3 2 8 .2 4 .2 4
5 3-1 100 - 8 .7 3 4 .2 4 .2 2
- 2 2 9 .9 4 .2 6 1 . 0 °0
- 3 2 9 .4 4 .2 5
54-1 100 - 8 .0 3 3 .9 4 .2 7
- 2 3 6 .9 4 .2 5 1 . 0 0 Q
- 3 3 4 .4 4 .2 3
I n  d i s i n t e g r a t i o n s  p e r  m in u te  p e r  gram (D EM /g)•
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T a b le  V. Summary o f  I s o t o p e  E f f e c t s  I n  t h e  P o l y m e r i z a t i o n  o f  S t y r e n e -  
a-_ t,  - 3 -_t, and  -j>-_t
Monomer 60°  100°
S ty r e n e - a - _ t  I .O 43
S t y r e n e - 3 - t  0 . 9 6 oO
S ty ren e -£ ~ _ t  1 .0 0 ^
1 .0 4 ,
0 .9 7 ,
1 . 00,
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T a b le  V I. I s o t o p e  E f f e c t s  f o r  S ty re n e - j3 - j t  I n  t h e  P r e s e n c e  o f  V a r io u s  
D i l u e n t s  a t  60°
Polym er
No. [ S ty r e n e ] D i l u e n t
[AIBN]
x lO 3
C o n v e r s io n ,
%
C o u n te d , 
mg
SAP, 
x lO  a V kT
1 1 2 -1 2 .1 5 B enzene 4 .6 0 1 0 .4 3 7 .3 5 .5 0
- 2 4 2 .9 5 .4 7 0 . 9 6 6
- 3 3 5 .7 5 .5 3
1 1 0 -1 4 .3 0 M eth an o l 4 .6 0 6 .2 4 3 .1 5 .5 2
- 2 4 2 .4 5 .5 0 0 .9 6 5
- 3 4 0 .6 5 .5 1
1 0 2 -1
- 2
2 .1 5 M ethano l 4 .6 0 5 .4 2 8 .1
2 6 .3
5 .4 4
5 .4 7 0 . 9 7 1
114-1 1 .7 2 M eth an o l 3 .7 0 1 4 .8 6 2 .4 5 .4 8






5 .5 3 0 . 9 6 5
- 5 4 1 .9 5 .4 8
- 6 3 8 .9 5 .5 0
11 6 -1 2 .1 5 Nuj o l 4 .6 0 2 1 .1 3 4 .9 5 .5 0
- 2 5 4 .9 5 .4 4 0 . 9 7 0
- 3 3 5 .5 5 .4 8
I n  d i s i n t e g r a t i o n s  p e r  m in u te  p e r  gram(DPM/g).
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The i s o t o p e  e f f e c t  kg /lq )  i n  r e a c t i o n  3» i n  w h ich  an  u n l a b e l e d  
M • +  S ty r e n e   > Mn4-i (5a )
K )
Mn * +  S ty rene-d^  ----- > M ^  ( 5h )
p o l y s t y r y l  r a d i c a l  a t t a c k s  no rm al o r  d e u t e r i o s t y r e n e , c a n  be c a l c u ­
l a t e d  from  th e  k j j /k ^  r a t i o  th ro u g h  use o f  t h e  Sw ain  e q u a t i o n  
(eq  4 ) . 4  A t t a c k  by an unlabeled polymer r a d i c a l  on styrene-J3_-<3 h a s
a c a l c u l a t e d  k ^ /k c  o f  O .9 8 . F o r  two ^ - d e u t e r i u m s  t h i s  v a l u e  i s  
s q u a r e d :  (O .9 8 ) 2  = O .9 6 . S in c e  t h e  o v e r a l l  e f f e c t  i n  th e  p o ly m e r i ­
z a t i o n  o f  s t y r e n e - g - g  i s  0 . 89>3  t h e n  e a c h  d e u te r iu m  s u b s t i t u t e d  g_ 
t o  th e  r a d i c a l  l e a d s  t o  an  i n v e r s e  e f f e c t  o f  2pj0. The e f f e c t  o f  
a - d e u t e r i u m  s u b s t i t u t i o n  i n  t h e  r a d i c a l  c a n  be c a l c u l a t e d  s i m i l a r l y  
from  t h e  i s o t o p e  e f f e c t s  o b s e rv e d  i n  t h e  p o l y m e r i z a t i o n  o f  s t y -  
r e n e - a - J :  and - a - ,d .  The c o n t r i b u t i o n  o f  e a c h  d e u t e r iu m  t o  t h e  i s o ­
to p e  e f f e c t  on t h e  p r o p a g a t i o n  s t e p  i n  t h e  p o l y m e r i z a t i o n  o f  s t y ­
r e n e  i s  shown b e lo w :
I s o t o p e  E f f e c t s ,  ku /k j)  ( p e r  d e u t e r iu m )
Ph Ph
I I
~CD2 -CD- CD2=CD 1 .0 3
+ + +
0 .9 7  0 .8 8  0 .9 8
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T hese  d a t a  s h o u ld  r e p l a c e  t h o s e  on p 1204 i n  r e f e r e n c e  3 .
We o b s e rv e d  a no rm al i s o t o p e  e f f e c t  ( i . e . . kfl/ki) > 1 )  f o r  a 
d e u te r iu m  s u b s t i t u t e d  a t  a c a rb o n  w h ich  goes  from  an  o l e f i n i c  t o  a 
r a d i c a l  c e n t e r ,  i n d i c a t i n g  t h a t  i n  t h e  p o l y m e r i z a t i o n  o f  s t y r e n e ,  
th e  C^y-H bond i s  w eakened i n  t h e  t r a n s i t i o n  s t a t e . 5 A nom ina l s p 2 
h y b r i d i z a t i o n  i s  m a in ta in e d  th r o u g h o u t  r e a c t i o n ,  and i t  h a s  g e n e r ­
a l l y  b e e n  assum ed t h a t  t h e r e  i s  no e f f e c t  a t  su c h  a p o s i t i o n .  The 
o b s e r v a t i o n  o f  a no rm al i s o t o p e  e f f e c t  a t  Cq, a p p e a r s  t o  h av e  a d i r e c t  
b e a r i n g  on  th e  i n t e r p r e t a t i o n  o f  t h e  i s o t o p e  e f f e c t s  o b s e rv e d  i n  
c y c l o a d d i t i o n s . A b r i e f  b ack g ro u n d  o f  t h i s  a r e a  f o l l o w s .
APPLICATION OF THE PRESENT RESULTS TO CYCLOADDITIONS
S e c o n d a ry  k i n e t i c  i s o t o p e  e f f e c t s  h av e  b een  o b s e rv e d  i n  r a d i c a l  
a d d i t i o n s  t o  d e u t e r a t e d  o l e f i n s  ( s e e  P a r t  I ,  C h a p te r  1 ) . 3 , 6 , 7  Sub­
s t i t u t i o n  o f  a d e u t e r iu m  a t  a c a r b o n  u n d e rg o in g  an  sp2  to  sp 3 h y ­
b r i d i z a t i o n  ch an g e  d u r in g  r e a c t i o n  (Cg i n  eq  5 ) l e a d s  t o  an  in v e r s e  
e f f e c t  o f  a b o u t  3"5$  (Ich/Icj) = 0 . 9 5 “0*9T)* The e f f e c t  a t  a c a rb o n
R- + CgK^y-X ------> R-Cg-C^-X ( 5 )
g o in g  from  a n  o l e f i n i c  t o  a r a d i c a l  c e n t e r  (C^, i n  eq 5 ) p r e v i o u s l y  
was assum ed t o  be n e g l i g i b l e ,  w h e re a s  we f i n d  a n o rm a l e f f e c t  
( k n /k p  > 1 )  f o r  such  a t r a n s i t i o n  i n  t h e  p o l y m e r i z a t i o n  o f  s t y r e n e .  
T h ese  e f f e c t s  s h o u ld  be u s e f u l  a s  s e n s i t i v e  p ro b e s  i n  m e c h a n i s t i c  
s t u d i e s  o f  c y c l o a d d i t i o n s  i n  d e t e r m in i n g  th e  e x a c t  t im in g  o f  bond- 
f o r m a t i o n ;  t h a t  i s ,  w h e th e r  r e a c t i o n  p ro c e e d s  by a c o n c e r t e d  p r o ­
c e s s ,  o r  by a t w o - s t e p ,  r a d i c a l  m e c h a n is m .83 A c o n c e r t e d  p r o c e s s
l+o
s h o u ld  l e a d  t o  a n  i n v e r s e  e f f e c t  a t  e a c h  end o f  th e  d o u b le  bond .
The s e c o n d a ry  i s o t o p e  e f f e c t s  e x p e c te d  f o r  a tw o - s te p  m echanism  a r e  
t a k e n  from  th o s e  o b s e rv e d  i n  r a d i c a l  a d d i t i o n s  t o  o l e f i n s ,  n a m e ly ,  
a n  i n v e r s e  e f f e c t  a t  Cg and a no rm al e f f e c t  a t  Ca .
T a b le  V II  shows t h a t  t h e  i s o t o p e  e f f e c t s  a t  t h e  £  c a rb o n  i n  th e  
r e a c t i o n  o f  s t y r e n e  w i t h  d ip h e n y lk e t e n e  (eq  6 )9a  and o f  e t h y l  v i n y l
Ph2 C-C«0








e t h e r  w i t h  m e th y l  a z o d i c a r b o x y l a t e  (eq  7 )9 ^ a r e  i n v e r s e ,  a s  a n t i c i ­
p a t e d .  I n  b o th  r e a c t i o n s ,  h o w e v e r ,  th e  e f f e c t  a t  Cq, i s  n o rm a l .  
G u s to r f .  e t  a l . 9 ^  c o n c lu d e  t h a t  t h e  a z o d i c a r b o x y l a t e - v i n y l  e t h e r  r e ­
a c t i o n  i s  t w o - s t e p ,  and  do n o t  comment on th e  no rm al e f f e c t .  On 
th e  o t h e r  h a n d ,  B a ld w in  and K ap eck i93  a t t r i b u t e  th e  no rm al e f f e c t s  
i n  b o th  sy s te m s  t o  a w eak en in g  o f  th e  C^-H bond i n  t h e  t r a n s i t i o n  
s t a t e  by o r b i t a l  i n t e r a c t i o n  b e tw een  t h a t  bond and th e  £  o r b i t a l  i n  
th e  u n l a b e l e d  o l e f i n ;  t h e s e  a u t h o r s  c o n c lu d e  t h a t  b o th  r e a c t i o n s  
p ro c e e d  by a c o n c e r t e d  p r o c e s s ,  s t a t i n g  t h a t  " s o m e th in g  q u i t e  
n o t i c e a b l e  th r o u g h  i s o t o p e  e f f e c t s  i s  h a p p e n in g  a t  b o th  c a r b o n s  i n  
t h e  t r a n s i t i o n  s t a t e s  o f  t h e s e  r e a c t i o n s . "  S t e r e o s p e c i f i c i t y  and 
l a c k  o f  an  a p p r e c i a b l e  s o l v e n t  e f f e c t  on r a t e  a r e  o b s e rv e d  i n  th e
Table VII. Secondary Isotope Effects in Cycloadditions
R e a c t io n  n I) R e f e r e n c e
Ph2 C=C=0 + PhCH=CHD 0 .9 1 b
Ph2 C=C=0 + PhCD=CH2 1 .2 3 b
c h 3o 2c - n = n - c o 2c h 3 + EtO-CH=CHD 0 .8 3 c
CH„0„C-N=N-C0„CH 3 2 2 3
+ EtO-CD=CH2 1 .1 1 c
kjj r e f e r s  t o  t h e  [2  +  2 ] c y c l o a d d i t i o n  o f  u n l a b e l e d  r e a c t a n t s
r e f e r s  t o  t h e  r e a c t i o n  shown. ^ J .  E. B aldw in  and J .  A. K a p e c k i ,  
J .  Amer. Chem. S o c . . 9 2 , 4874 ( 1 9 7 0 ) .  °E . K. von  G u s t o r f ,  D. W h ite ,  
J .  L e i t i c h  and  D. H en n eb e rg ,  T e t r a h e d r o n  L e t t . , 3113 ( 1 9 6 9 ) .
k 2
two c y c l o a d d i t i o n s ;9 t h e s e  r e s u l t s ,  though  c o m p a t ib l e  w i t h  a o n e -  
s t e p  m echan ism , a r e  o n ly  i n d i c a t i v e  e v id e n c e  r a t h e r  t h a n  c o n c l u s i v e
I t  i s  n o t a b l e  t h a t  e a c h  c a s e  i n  w h ich  a no rm al i s o t o p e  e f f e c t  
i s  o b s e r v e d ,  t h e  c a r b o n  in v o lv e d  i s  a t  a p o s i t i o n  w h ich  w ould  go 
from  a n  o l e f i n i c  t o  a r a d i c a l  c e n t e r  i f  t h e  p r o c e s s  w ere  a two-
s t e p ,  r a d i c a l  r e a c t i o n  (Ca  &n eq s  6 and 7 ) -  Our r e s u l t s  i n d i c a t e
t h a t  t h e  h y d ro g e n  i s o t o p e  e f f e c t  a t  a c a rb o n  u n d e rg o in g  su ch  a 
t r a n s i t i o n  i s  i n  a n o rm a l d i r e c t i o n .  Thus t h e  no rm al i s o t o p e  e f f e c t s  
i n  t h e  d i p h e n y I k e t e n e - s t y r e n e  and azo  e s t e r - v i n y l  e t h e r  c y c l o a d d i ­
t i o n s  may be  r a t i o n a l i z e d  i n  te rm s  o f  a t w o - s t e p ,  r a d i c a l  m echan ism . 11 
I f  a t w o - s t e p  p r o c e s s  i s  o p e r a t i v e ,  th e  r a t e  o f  r i n g  c l o s u r e  o f  th e
d i r a d i c a l  m ust be much g r e a t e r  th a n  t h e  r a t e  o f  r o t a t i o n  a ro u n d  th e
C^-Cp bond , s i n c e  s t e r e o s p e c i f i c i t y  i s  o b s e r v e d . 9
The i n v e r s e  e f f e c t s  a t  Cp and t h e  n o rm a l e f f e c t s  a t  Cq, i n  t h e  
c y c l o a d d i t i o n s  d i s c u s s e d  above  a r e  much l a r g e r  t h a n  t h o s e  i n  compa­
r a b l e  r a d i c a l  r e a c t i o n s .  T h e re  i s  e v id e n c e  t h a t  t h i s  may be t r u e  
g e n e r a l l y ;  f o r  e x a m p le ,  K i r c h n e r  and  B u ch h o lz 12  s t u d i e d  th e  e f f e c t  
o f  a - d e u t e r i u m  s u b s t i t u t i o n  i n  t h e  d i m e r i z a t i o n  o f  s t y r e n e  t o  g iv e  
1 , 2 - d i p h e n y l e y e l o b u t a n e .  I f  a t w o - s t e p ,  r a d i c a l  m echanism  i s  p o s ­
t u l a t e d  (eq  8 ) , 1 3  i n  w h ich  k2  i s  much l a r g e r  th a n  k i , a no rm al i s o ­
to p e  e f f e c t  w ou ld  be  e x p e c te d  i f  d e u t e r iu m  w ere  s u b s t i t u t e d  a t  th e
p r o o f  o f  c o n c e r t e d n e s s , 1 0 a >l 0 b
H H H H
PhC* -CPh 1r
-S2-> /  /
I I
PhC-CPh
2 PhCH=CH2  ---- —> /  /
H2C *- CH2
(8)
h 2 c - c h 2
a  p o s i t i o n .  The a u t h o r s  r e p o r t  t h a t  i n  t h e  c a s e  o f  s ty r e n e - c v -d , 
kn/kD = 1 . 2 ,  i . e . ,  an  e f f e c t  o f  a b o u t  10$ p e r  d e u t e r iu m .  I t  a p p e a r s ,  
t h e n ,  t h a t  t h e  i s o t o p e  e f f e c t s  i n  c y c l o a d d i t i o n s  g e n e r a l l y  a r e  much 
l a r g e r  t h a n  t h o s e  a s s o c i a t e d  w i th  r a d i c a l  a d d i t i o n s  t o  l a b e l e d  o l e ­
f i n s  .
Normal d e u te r iu m  i s o t o p e  e f f e c t s  o f  an  a p p r e c i a b l e  m a g n itu d e  
h a v e  b e e n  o b s e rv e d  i n  o t h e r  s y s t e m s , 14 b u t  t h e s e  e f f e c t s  a r e  a mea­
s u r e  o f  th e  i s o t o p e  e f f e c t  on a p r o d u c t - f o r m in g  r a t h e r  th a n  a r a t e -  
d e t e r m in i n g  s t e p .
USE OF TRITIUM-LABELED STYRENES IN COPOLYMERIZATION STUDIES 
The c o p o l y m e r i z a t i o n  e q u a t i o n  i s 15
d[Mi] = [Mil ri[Mi] +  [Mp] ,q x
d[M2] M  r2 l_M2] + [Mi]
w here  [Ml3 and [m2] a r e  t h e  c o n c e n t r a t i o n s  o f  t h e  comonomers Mi and 
M2 , r i  = k n / k i 2 , and  r 2 = k2 2 / k 2i . The r a t e  c o n s t a n t s  a r e  d e f in e d  
i n  e q u a t i o n s  1 0 - 1 3 .
-Mi* + Ml ^ iA ->  -Ml-Mi* (10 )
-Mi * +  M2 —1*2—> -Ml -M2 * (1 1 )
~M2 * +  Mi ....> ~M2 -Ml * (1 2 )
~M2 * +  M2 ^ - >  -M2 -M2 * (1 3 )
kk
The comonomers m a le ic  a n h y d r id e ( M i) and s ty re n e (M 2 ) w ere  f i r s t  
r e p o r t e d  by A l f r e y  and L a v in 16  t o  fo rm  a p e r f e c t l y  a l t e r n a t i n g  
co p o ly m er  when [M i] / [m 2 ]  ^  2 0 .  When m a le ic  a n h y d r id e  i s  p r e s e n t  i n  
l a r g e  e x c e s s ,  e s s e n t i a l l y  t h e  o n ly  r e a c t i o n s  o c c u r r i n g  a r e  t h o s e  
g iv e n  i n  eq s  1 1  and 1 2 , t h a t  i s ,  a t t a c k  on one monomer by a p o ly m e r ic  
r a d i c a l  e n d in g  i n  t h e  o t h e r  monomer. T h e r e f o r e  i n  a c o p o l y m e r i z a t i o n  
s y s te m  i n v o l v i n g  a p e r f e c t l y  a l t e r n a t i n g  c o p o ly m e r ,  i t  i s  p o s s i b l e  
t o  d e t e r m in e  t h e  i s o t o p e  e f f e c t  on t h e  c r o s s - p r o p a g a t i o n  s t e p  i n  
w h ich  t h e  g row ing  p o ly m e r ic  c h a i n  e n d in g  i n  t h e  u n l a b e l e d  comonomer 
a t t a c k s  th e  l a b e l e d  monomer (eq  1 ^ ) .  The e q u a t i o n  f o r  k /k *  i s  g iv e n  
i n  eq 1 5 . 1 , 2
-Ml* +  M2  -*^-> -Mi-M2 - ( l ^ a )
Mi* +  M2  ----- > ~Ml-M2 * (Ih-b)
, /, * l n ( l  -  f  j )
ln(l  - ti.fi)
w here  r±  i s  t h e  r a t i o  o f  t h e  s p e c i f i c  a c t i v i t y  o f  th e  co p o ly m er  
(SAP)^ a t  m a c ro sc o p ic  f r a c t i o n  c o n v e r s io n  fj_ t o  t h a t  o f  t h e  monomer 
(SAM). A t 100f0 c o n v e r s io n  ( f  = 1 . 0 0 )  SAP. i s  e q u a l  t o  SAM t im e s  th e
2_ ̂
m a c ro sc o p ic  w e ig h t  f r a c t i o n  o f  t h e  l a b e l e d  monomer i n  t h e  c o p o ly m e r .
The d a t a  from  t h e  r a d i c a l - i n i t i a t e d  c o p o l y m e r i z a t i o n  o f  m a le ic  
a n h y d r id e  and s t y r e n e - £ - j t  a r e  shown i n  T a b le  V I I I .  T h e re  i s  no
Table VIII. Isotope Effect for Maleic Anhydride(MA) and Styrene-§-_t Copolymerization at 60
No.




D i l u e n t ,
ml
T e m p e ra tu re ,
°C
C o n v e rs io n ,
%a
Copolymer 
C oun ted ,  mg SAP xlO 6b *H/ k T
121-1 0 .9 5 8 1 .5 1 7 .0 ° 60 100. 3 4 .3 2 .3 3
-2 2 0 .5 2 .2 7
- 3 3 0 .7 2 .3 1 -
- 4 3 2 .9 2 .3 5
- 5 3 6 .1 2 .3 3
123-1 0 .9 7 7 6 .0 6 2 0 0 .d 80 100. 3 1 .6 2 .3 3
- 2 3 5 .5 2 .3 1 —
- 3 3 9 .3 2 .3 7
120-1 0 .9 5 4 1 .5 1 9 . 0 C 60 1 6 .2 3 6 .7 2 .29
- 2 3 6 .6 2 .3 6 1 A A
- 3 4 2 .3 2 .3 5 1 ,0 0 0
- 4 3 5 .5 2 .3 2
122-1 0 .9 7 8 9 .0 9 2 5 0 .d 60 1 2 .0 3 3 .9 2 .3 3
- 2 4 2 .2 2 .3 5 1 .0 0
- 3 3 2 .1 2 .3 1 u
^ a s e d  on  s t y r e n e  c o n v e r s io n .  b I n  d i s i n t e g r a t i o n s  p e r  m in u te  p e r  gram(DPM/g). °A ce to n e  a s  d i l u e n t ,  
en ze n e  a s  d i l u e n t .
k 6
k i n e t i c  i s o t o p e  e f f e c t  i n  t h e  c o p o l y m e r i z a t i o n ,  i . e . , kfl/kT = 1 .0 0  
v s .  kfl/k-p = 0 . 9 7  i n  t h e  h o m o p o ly m e r iz a t io n  o f  s ty re n e - |3 -_ t .  T h is  
r e s u l t  i s  i n  a c c o r d  w i t h  t h e  Hammond p o s t u l a t e , 1 8  w h ich  s t a t e s  
t h a t  i n  a s e r i e s  o f  r e l a t e d  e x o th e r m ic  r e a c t i o n s ,  t h o s e  w i t h  lo w er  
a c t i v a t i o n  e n e r g i e s  i n v o l v e  l e s s  bond r e o r g a n i z a t i o n  i n  t h e  t r a n s i ­
t i o n  s t a t e .  I n  t h i s  c a s e ,  a s m a l l e r  i s o t o p e  e f f e c t  i s  a s s o c i a t e d  
w i t h  a lo w er  a c t i v a t i o n  e n e r g y .  R eso n an ce  form s l i k e  l b  lo w e r  th e  
a c t i v a t i o n  e n e rg y  f o r  a d d i t i o n  t o  s t y r e n e  monomer by a p o ly m e r ic
[-MA- CR2 -CHPh <------- > ~MA:- CH2 -CHPh]
l a  l b
r a d i c a l  h a v in g  a n  a n h y d r id e  end  u n i t  com pared t o  t h a t  f o r  p o l y s t y r y l  
r a d i c a l  a d d i t i o n  t o  s t y r e n e ,  and  t h e r e f o r e  th e  i s o t o p e  e f f e c t  on 
th e  c r o s s - p r o p a g a t i o n  s t e p  i s  e x p e c te d  t o  be more n e a r l y  u n i t y .  
S i m i l a r l y ,  H o d n e t t  and  J e n s e n 19  h a v e  r e p o r t e d  t h a t  t h e  i s o t o p e  e f ­
f e c t  k i 2 / k i 4  d e c r e a s e s  f ro m  1 .0 9  t o  1 .0 5  i n  g o in g  f ro m  hom opolym er­
i z a t i o n  o f  s t y r e n e - j 3 - l 4 C to  c o p o l y m e r i z a t i o n  w i th  m a le ic  a n h y d r i d e .
R e c e n t ly  G a y lo rd 2 0  p r e s e n t e d  e v i d e n c e  w h ich  i n d i c a t e s  t h a t  t h e  
m echanism  o f  c o p o l y m e r i z a t i o n  i n  s t r o n g l y  a l t e r n a t i n g  s y s te m s  a c t u ­
a l l y  c o n s i s t s  o f  t h e  p o l y m e r i z a t i o n  o f  a c h a r g e  t r a n s f e r  com plex ,  
r a t h e r  t h a n  r e p e a t e d  c r o s s - p r o p a g a t i o n  s t e p s  i n  w h ich  f r e e  monomers 
a r e  added  t o  t h e  g ro w in g  c o p o ly m e r ic  c h a i n .  G ay lo rd  p ro p o s e d  t h a t  
t h e  com onom ers, one w i t h  e l e c t r o n  d o n o r  t e n d e n c i e s  and  th e  o t h e r  
w i t h  e l e c t r o n  a c c e p t o r  t e n d e n c i e s ,  come t o g e t h e r  t o  fo rm  a d i p o l a r ,
d i r a d i c a l  c h a rg e  t r a n s f e r  com plex  (CTC) a s  shown i n  eq  1 6 a ,  a f t e r  
w h ich  t h e  com plex  i t s e l f  u n d e rg o e s  p o l y m e r i z a t i o n  (eq  1 6 b ) .
CH2 -CHPH 
• +
CH2=CHPh +  CH2 =CHX <----- - (1 6 a )
ch2 - chx
(CTC)
M • +  CTCn (16b)
A t  low monomer c o n c e n t r a t i o n s ,  e q u i l i b r i u m  w ould be s h i f t e d  
away from  th e  c o m p lex ;  h o w e v e r ,  e v e n  i n  d i l u t e  s o l u t i o n  p o ly m e r iz a ­
t i o n  o f  t h e  CTC m ig h t  b e  im p o r ta n t .  We s t u d i e d  th e  c o p o l y m e r i z a t i o n  
o f  m a le ic  a n h y d r id e  and s ty ren e -JL  a t  b o th  h ig h  and low monomer c o n ­
c e n t r a t i o n s  and found  t h a t  = 1 . 0 0  i n  b o th  c a s e s .  I f  com plex
f o r m a t io n  i s  a n  im p o r t a n t  r e a c t i o n  i n  th e  c o p o l y m e r i z a t i o n  o f  
s t y r e n e  and m a le ic  a n h y d r i d e ,  i t  w ould  a p p e a r  from  o u r  r e s u l t s  t h a t  
f o r  s ty re n e - j^ - J t  t h e  i s o t o p e  e f f e c t  on th e  e q u i l i b r i u m  i n  eq 1 6 a i s  
n e g l i g i b l e .
S e c o n d a ry  k i n e t i c  h y d ro g e n  i s o t o p e  e f f e c t s  a r e  g e n e r a l l y  s m a l l ,  
and t h e r e f o r e  monomers l a b e l e d  w i t h  h y d ro g e n  i s o t o p e s  s h o u ld  be v e r y  
u s e f u l  i n  d e t e r m i n i n g  r e a c t i v i t y  r a t i o s  i n  t h e  c o p o l y m e r i z a t i o n  o f  
a l a b e l e d  monomer w i t h  v a r i o u s  comonomers»2 2 >23  We u t i l i z e d  s t y r e n e -  
£ -J : and -£ - j t  i n  a c o p o l y m e r i z a t i o n  o f  e a c h  w i t h  m a le ic  a n h y d r id e  i n
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o r d e r  t o  d e t e r m in e  th e  r e a c t i v i t y  r a t i o s  f o r  t h e  s y s te m  m a le ic  
a n h y d r id e ( M i ) - s t y r e n e (M2 ) .
The c o p o l y m e r i z a t i o n  e q u a t i o n  was p r e v i o u s l y  g iv e n  i n  e q u a t i o n  9>
d[M i] [M i] r iC M i]  +  [ m2 ]  , .
d[M2 ]  Cm2 ] r 2 [M2 ] +  LMl]
A t  low c o n v e r s i o n s ,  [M i] and [ m2 ] do n o t  ch an g e  a p p r e c i a b l y  d u r i n g  
r e a c t i o n ,  and d [M i]/d [M 2 ] c a n  be a p p ro x im a te d  by
^ 4  = C (1 7 )
d C l f e ]
w here  C i s  th e  r a t i o  o f  [M i] t o  [m2 ] i n  t h e  i n i t i a l l y  form ed c o p o l ­
ym er. The r a t i o  [M i]/Cm2 ] i n  t h e  f e e d  i s  d e f i n e d  t o  be F ,  and 
eq  9  becomes
r iC M i]  +  Cm2 ]
C = F — =— =---------- f— r  (1 8 )
r 2 [M2] +  LMiJ
R e a r ra n g e m e n t  o f  eq  18  l e a d s  t o  eq  1 9 .
r 2  = r i  +  F(C _1 - 1 )  (1 9 )
Each c o p o l y m e r i z a t i o n  r u n  p r o v i d e s  a v a l u e  o f  b o th  F and C f o r  
u s e  i n  e q u a t i o n  1 9 . S in c e  two unknow ns, r i  and  r 2 , r e m a in ,  no 
u n iq u e  v a l u e  f o r  e i t h e r  r i  o r  r 2  c a n  be c a l c u l a t e d .  T h a t  i s ,  e a c h
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r u n  g i v e s  o n ly  a l i n e  on a n  r i - r 2  p l o t .  S e v e r a l  r u n s  w i t h  d i f f e r e n t  
v a l u e s  o f  F a r e  n e c e s s a r y  t o  o b t a i n  r i  and r 2 , a s  d e te rm in e d  by th e  
l i n e  i n t e r s e c t i o n  p a t t e r n .  T a b le  IX g iv e s  t h e  d a t a  f o r  m a le ic  
a n h y d r id e  c o p o l y m e r i z a t i o n  w i t h  s ty r e n e - £ - J :  and -jv-J:, and F ig u r e  1 
shows th e  c o r r e s p o n d i n g  r i - r 2  g r a p h .  The r e s u l t s  i n d i c a t e  t h a t  r i  
and r 2  a r e  0 .0 0 8  +  0 .0 0 5  and  0 .0 8 8  +  0 . 0 0 5 ,  r e s p e c t i v e l y .  V a lues  
o f  r i  and r 2  o b s e rv e d  by o t h e r  w o rk e r s  a r e  l i s t e d  i n  T a b le  X.
I t  i s  n e c e s s a r y  t h a t  k n , i . e . ,  kp f o r  m a le ic  a n h y d r id e  p o l y ­
m e r i z a t i o n ,  be n o n - z e r o  i f  r i  i s  t o  be  f i n i t e .  U s u a l ly  1 , 2 - d i s u b -  
s t i t u t e d  monomers u n d e rg o  p o l y m e r i z a t i o n  o n ly  v e r y  r e l u c t a n t l y , 24 
p re s u m a b ly  due t o  k i n e t i c  r a t h e r  t h a n  the rm odynam ic  c o n s i d e r a t i o n s .  
A p p a r e n t l y  s t e r i c  i n t e r a c t i o n  b e tw ee n  th e  s u b s t i t u e n t s  on t h e  r a d i c a l  
and monomer i n h i b i t s  p o l y m e r i z a t i o n  t o  su ch  an  e x t e n t  t h a t  c o m p e tin g  
r e a c t i o n s  ( e . g . , c h a i n  t r a n s f e r ,  t e r m i n a t i o n )  become i m p o r t a n t .  
H ow ever,  i n  t h e  c a s e  o f  m a le ic  a n h y d r i d e ,  Lang, e t  a l . 25  and l a t e r  
J o s h i 26  h a v e  r e p o r t e d  th e  i s o l a t i o n  o f  p o ly m e r ic  m a t e r i a l  r e s u l t i n g  
from  s e l f - a d d i t i o n . 27  J o s h i 26  u s e d  b e n z o y l  p e r o x id e  to  i n i t i a t e
p o l y m e r i z a t i o n  and  fo u n d  po lym er w i t h  m o l e c u la r  w e ig h t s  a s  h ig h  a s
1/2I I 5 0 . A ls o  he  showed t h a t  6 (= k t  / k p ) i s  f i n i t e  and h a s  a v a lu e  
o f  a b o u t  1 0 9 .
Our v a l u e  o f  r 2  i s  much l a r g e r  t h a n  t h a t  g e n e r a l l y  r e p o r t e d  
( s e e  T a b le  X ) .  The r e a s o n  f o r  t h i s  d i f f e r e n c e  i s  n o t  c l e a r .  We 
m o n i to r e d  s t y r e n e  c o n t e n t  by a r a d i o t r a c e r  m e th o d ,  w h e re a s  t h e  o t h e r  
w o r k e r s  d e te r m in e d  c o p o ly m er  c o m p o s i t io n  by t i t r a t i o n  o f  t h e  
a n h y d r id e  u n i t s .  I n c o m p le te  t i t r a t i o n  o f  t h e  a n h y d r id e  u n i t s  w ould  
l e a d  t o  a h i g h e r  v a l u e  o f  r 2 , b u t  e x c e p t  f o r  H u g l i n , 2 8  w o rk e r s  u s in g
T a b le  IX. V alues  o f  F (= [M^]/[M„J i n  t h e  f e e d )  and C (= i n  t h e  copolym er)  f o r  t h e  C opolym er-




D i l u e n t , 
ml
C o n v e rs io n ,
%b
Copolymer 
C oun ted , mg SAP xlO 6c C
122- l d 4 3 .3 9 .0 9 2 5 0 .6 1 2 .0 3 3 .9 2 .3 3 1 .0 4
- 2 4 2 .2 2 .3 5
- 3 3 2 .1 2 .3 1
120 - l d 2 2 .3 1 .5 1 9 . 0 e 1 6 .2 3 6 .7 2 .29
- 2 3 6 .6 2 .3 6 i ha
- 3 4 2 .3 2 .3 5
- 4 5 5 .5 2 .3 2
1 2 4 - l d 1 .0 8 3 .0 3 2 0 0 .6 4 .2 2 9 .0 2 .8 3
- 2 2 0 .2 2 .8 3 0 .9 4
- 3 2 1 .5 2 .7 9
1 6 0 - l f 0 .4 9 2 1 .5 1 2 0 0 .8 2 .6 2 6 .9 2 .0 8
- 2 2 2 .0 2 .1 2 0 .8 3
- 3 2 7 .7 2 .0 8
& bT h is  column shows th e  r a t i o  o f  t h e  a v e ra g e  c o n c e n t r a t i o n s  o f  M^ and M2 d u r in g  r e a c t i o n .  B ased on
g d os t y r e n e  c o n v e r s io n .  I n  d i s i n t e g r a t i o n s  p e r  m in u te  p e r  gram(DPM/g). S tyrene-j3-_ t.  A ce tone  a s  d i l u e n t .
^ S ty re n e -£ -_ t .  ^Benzene a s  d i l u e n t .
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F ig u r e  1. P l o t  o f  v e r s u s  r ^  f o r  t h e  S ystem  M a le ic  A n h y d r id e (M ^ )-  
S ty r e n e  (M2)
- 0 . 2 0.2
T a b le  X. C o m p i la t io n  o f  and V a lu es  O bserved  i n  t h e  R a d ic a l  C o p o ly m e r iz a t io n  o f  M a le ic  Anhy­
d r i d e ^ ^ )  and StyreneCM^)
r l r 2
T e m p e ra tu re ,
S o lv e n t
Polym er
P r e c i p i t a t e s R e fe r e n c e
0 0 .0 4 2  + 0 .0 0 8 80 a y e s k
0 0 .0 1 60 b n o t  r e p o r t e d 1
0 0 .0 1 60 c no m
0 0 .0 1 60 d e n
0 0 .0 2 2 60 b » f e n
0 0 .029 60 g e n
0 0 .0 1 9 50 h no o
0 .0 1 5 0 .0 4 0 50 i no P
0 +  0 .0 0 2 0 .0 9 7  + 0 .0 0 2 50 i no q
0 .0 0 8  + 0 .0 0 5 0 .0 8 8  + 0 .0 0 5 60 a , i j t h i s  w ork
a Id o de e n z e n e .  None. S ty r e n e :m e th y l  p r o p y l  k e to n e  u se d  i n  t h e  r a t i o s  1 2 :8 8 ,  25 :75  and 5 0 :5 0 .  50-50
s ty r e n e - d e c a n e .  D ependent upon th e  r e l a t i v e  monomer c o n c e n t r a t i o n s ;  t h e  r e a c t i v i t y  r a t i o s  a r e  unchanged
r e g a r d l e s s .  ^50-50  o y d ic h lo r o b e n z e n e - s t y r e n e .  ^75-25  o y d i c h lo r o b e n z e n e - s t y r e n e .  ^ jj-D io x an e .  ^ A ce to n e .
^ I n c lu d e s  b o th  homogeneous and h e te ro g e n e o u s  p o ly m e r i z a t i o n  c o n d i t i o n s .  ^T. A l f r e y  and E. L a v in ,  J . Amer.
Chem. S o c . , 6 7 , 2044 (1 9 4 5 ) .  ‘'"C. W a l l in g ,  E. B r ig g s  and K. W o l f s t i r n ,  i b i d . , 7 0 , 1543 (1 9 4 8 ) ,  f o o t n o t e  11 .
V  B arb ,  J .  Polvm. S c i . . U ,  117 (1 9 5 3 ) .  n C. H. Bamford and W. B a rb ,  D is c .  F a rad ay  S o c . ,  14 , 208 (1 9 5 3 ) .
°T . Ang and H. Harwood, Polym. P r e p r i n t s , _5, 306 (1 9 6 4 ) .  ^K. Noma, M. Niwa and K. I w a s a k i ,  K obunsh i
K agaku, 2 0 , 646 (1 9 6 3 ) ,  th ro u g h  Chem. A b s t r . ,  6 0 , 14518c. ^M. B. H u g l in ,  P o lym . , 3̂ , 335 (1 9 6 2 ) .
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t h i s  t e c h n iq u e  o b t a i n  lo w er  v a l u e s  o f  r 2  t h a n  we d o .  D i f f e r e n c e s  
i n  s o l v e n t  p o l a r i t y  s h o u ld  n o t  a f f e c t  r i  and r 2  a p p r e c i a b l y ,  th o u g h  
t e m p e r a t u r e  may h a v e  a s l i g h t  a f f e c t .  The copo lym er p r e c i p i t a t e d  
d u r in g  r e a c t i o n  i n  some o f  t h e  s t u d i e s .  Our r u n s ,  th o u g h ,  i n c lu d e d  
b o th  ty p e s  o f  m e d ia ,  v i z . ,  b enzene ,  a p r e c i p i t a t i n g  s o l v e n t ,  and 
a c e t o n e ,  one i n  w h ich  th e  co p o ly m er  i s  s o l u b l e .
As H u g l in 2 8  h a s  p o i n t e d  o u t ,  a v a l u e  o f  r 2  g r e a t e r  th a n  O.Ô t- 
te n d s  t o  b r i n g  t h e  p o i n t  f o r  m e th y l  r a d i c a l  a d d i t i o n  t o  m a le ic  
a n h y d r id e  i n t o  l i n e  on S z w a r c 's  m e th y l  a f f i n i t y  p l o t 29  o f  l o g ( l / r 2 ) 
a g a i n s t  l o g ( k 2 / k i ) .  H e r e ,  k i  and k2  a r e  th e  r a t e  c o n s t a n t s  f o r  
r e a c t i o n s  20  and 2 1 . 30
Me* +  RH ~^L> MeH +  R* (2 0 )
Me* +  M - ^ >  Me-M* (2 1 )
In  s t u d i e s  o f  co p o ly m er  c o m p o s i t i o n s ,  B arb 31 and Ham32  exam ined  
c o p o l y m e r i z a t i o n  p e n u l t i m a t e  e f f e c t s ,  i n  w h ich  t h e  s e l e c t i v i t y  o f  
t h e  c o p o ly m e r ic  r a d i c a l  i s  a f f e c t e d  by n o n - t e r m i n a l  u n i t s .  They 
u se d  an  e q u a t i o n  d e r i v e d  by M erz ,  A l f r e y  and G o l d f i n g e r 33  w h ich  
i n c l u d e s  r a t e  c o n s t a n t s  t h a t  a l lo w  f o r  th e  e f f e c t  o f  p e n u l t i m a t e  
u n i t s ,  e . g . . e q u a t i o n s  22 and  23- B a rb 31 and  Ham3 2  a p p l i e d  t h i s
~Mi-M2 * +  Mi k * 2-1- > ~Mi-M2 -M i- (2 2 )
~Mi-M2 * +  M2  —  -Mi-M2 -M2 * (2 3 )
a n a l y s i s  t o  t h e  m a l e i c  a n h y d r i d e - s t y r e n e  s y s t e m  an d  o b t a i n e d  v a r i o u s  
r a t e  c o n s t a n t s  o f  t h e  k i 2 i  an d  k i 22  t y p e .  H o w e v e r ,  J o s h i 34 h a s  r e ­
p o r t e d  t h a t  i n c l u s i o n  o f  a f i n i t e ,  t h o u g h  s m a l l ,  v a l u e  o f  r i  g i v e s  a 
c a l c u l a t e d  c o m p o s i t i o n  c u r v e  t h a t  i s  i n  c l o s e  a g r e e m e n t  w i t h  t h e  
e x p e r i m e n t a l  d a t a .  A l s o ,  B e r g e r  a nd  K u n t z 35 h a v e  shown t h a t  s e ­
q u e n c e  d i s t r i b u t i o n ,  n o t  c o p o l y m e r  c o m p o s i t i o n ,  p r o v i d e s  a b a s i s  
f o r  s e l e c t i n g  t h e  c o r r e c t  c o p o l y m e r i z a t i o n  m o d e l ,  t h a t  i s ,  p e n u l t i ­
m a te  o r  t e r m i n a l .  Ang and  Harwood36  d e t e r m i n e d  t h e  s e q u e n c e  d i s t r i ­
b u t i o n  i n  a s e r i e s  o f  s t y r e n e - m a l e i c  a n h y d r i d e  c o p o l y m e r s ,  and  
c o n c l u d e d  t h a t  t h e  t e r m i n a l  m o d e l  a d e q u a t e l y  e x p l a i n e d  t h e i r  r e ­
s u l t s ,  w h e r e a s  t h e  p e n u l t i m a t e  m ode l  l e d  t o  i n c o r r e c t  p r e d i c t i o n s .
I t  a p p e a r s ,  t h e r e f o r e ,  t h a t  t h e r e  a r e  o n l y  two r e a c t i v i t y  r a t i o s ,  
r i  a n d  r 2 , t h a t  n e e d  be i n v e s t i g a t e d  i n  t h e  s y s t e m  m a l e i c  
a n h y d r i d e ( M i ) - s t y r e n e ( M 2 ) , and  t h a t  r i  i s  n o t  i d e n t i c a l l y  z e r o ,  a s  
g e n e r a l l y  h a s  b e e n  a s s u m e d .
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CHAPTER 4 
APPENDIX A
1 2The e q u a t i o n  f o r  kjj/Kj, i s  *
l n ( l  -  f j )
= I  =  —  (1)
l n ( l  -  r ^ )
w here  r ^  i s  t h e  r a t i o  o f  t h e  s p e c i f i c  a c t i v i t y  o f  t h e  po lym er (S A P ^  
a t  ( low ) f r a c t i o n  c o n v e r s io n  f ^  to  t h a t  o f  t h e  monomer(SAM). The 
s p e c i f i c  a c t i v i t y  o f  h i g h - c o n v e r s i o n  p o ly m e r (S A P ^ )  i s  v e r y  n e a r l y  
t h a t  o f  SAM, and th u s  t h e  f i r s t  a p p r o x im a t io n  to  I  i s  g iv e n  i n  eq 2.
l n ( l  -  f . )
1 “  I a p p ro x  ”  SAP! ^
ln(1 -  S S T  fi>he
1 2Then I  i s  u s e d  i n  eq 3 * t o  g e t  a  v a l u e  f o r  r ,  , w h icha p p ro x  ^ °  h e , a p p r o x ’
SAP, , -i /T
r h c  ■ ~siM  s  r h c , a p p r o x  = U  '  U  '  V  a P P r° X] (3)
i s  s u b s e q u e n t l y  u s e d  t o  g e t  a  b e t t e r  a p p r o x im a t io n  t o  SAM th ro u g h  th e  




SAM “ SAM »  — - (4)a p p ro x  r ,r r  h e , a p p r o x
Use o f  ^ ^ ap p r o x  e<l  1 y i e l d s  a  s e c o n d  a p p r o x im a t io n  t o  I ,
I '  , and t h e  c a l c u l a t i o n s  a r e  r e p e a t e d .  S e v e r a l  i t e r a t i o n s  a r ea p p r o x ’
n e c e s s a r y  to  a c h i e v e  s e l f - c o n s i s t e n c y .
Sample C a l c u l a t i o n
S u b s t i t u t i n g  SAP^SAM f o r  r ^  i n  eq  1 g i v e s  eq  5 .  The o n ly
Y k T ■
l n ( l
I  = f i>





unknown on th e  r i g h t - h a n d  s i d e  o f  eq 5 i s  SAM; SAP^ i s  t h e  s p e c i f i c  
a c t i v i t y  o f  a  lo w - c o n v e r s io n  po ly m er  and  f ^  i s  t h e  m a c ro s c o p ic  f r a c ­
t i o n  c o n v e r s io n  o f  t h a t  p o ly m e r .  SAP^c su ^ s t :*-t u t e ^ ^o r  SAM, and 
eq  2 i s  u s e d  t o  b e g in  t h e  s e r i e s  o f  c a l c u l a t i o n s .
The d a t a  from  ru n s  8  and  1 0 ,  low and  h ig h  c o n v e r s i o n s ,  r e s p e c t i v e ­
l y ,  i n  T a b le  I I I  o f  C h a p te r  3 w i l l  b e  u s e d  to  c a l c u l a t e  I .
f ,  = 0 .0 5 8 1  SAP. = 3 .4 8  x lO 6 DPM/g
i  i




a p p r ° x  ^  ^ 3,,.,48 , x l O^ , 0<0581)
3 .6 0  xlO
= 1 .0 3 5
I t  i s  n e c e s s a r y  to  c o r r e c t  SAP^c ( u s i n g  s i n c e  i t  i s
th a n  SAM.
1 1/1  r ,  = [1  -  (1  -  f ,  ) a PPro x ]
h c , a ppr o x  he
1  [1 -  ( 0 . 0 5 6 ) 1 *0 3 5 ]0 .9 4 4
0 .9 9 4
So we f i n d
cam -  SAPh c  _ 3 .6 0  x lO 6 DPM/g
a PPr o x  "  r u “  0 .9 9 4h c , a p p r o x
3 .6 3  x lO 6 DPM/g
The se c o n d  (a n d  c l o s e r )  a p p r o x i m a t i o n  t o  I ,  I i s3p p rox
l n ( l  -  f . )
I 'a pp r o x  SAP.
^  -  s m ---------------- f i>a p p r o x
( 6 a)
( 6b)










and  t h a t  f o r  r ,  , r '  , i s  g iv e n  byh e ’ h e ,a p p ro x *  °  J
r,' = -r—— [1  -  (1  -  ) 1 / J a p p ro x ]  ( 1 0a )h e , a p p r o x  f  1 h e
0 .9 9 3  (10b)
The n e x t  a p p r o x im a t io n  f o r  SAM i s  g iv e n  i n  eq 1 1 .
SAM' = , = 3 . 6 °  X 106 DPM/g
a p p ro x  r /  0 .9 9 3h e , a p p r o x
3 .6 4  x  106 DPM/g ( l i b )
The f i n a l  r e s u l t  i s :
( 12)
6 b
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CHAPTER 5 
APPENDIX B
I f  s ty r e n e -_ t  and  i n a c t i v e  m a le i c  a n h y d r id e  a r e  c o p o ly m e r iz e d ,  
t h e  s p e c i f i c  a c t i v i t y  o f  t h e  copolymer(SAC) i s  g iv e n  by eq 1 .
(1  ~ f )
SAC *» SAM ----------------------------------------------  (1)
U  -  f )  +  ( t )  “ “ im
w h ere  SAC i s  t h e  s p e c i f i c  a c t i v i t y  o f  t h e  co p o ly m er  i n  DPM/g, SAM 
i s  t h e  s p e c i f i c  a c t i v i t y  o f  t h e  r a d i o a c t i v e  monomer(KM) i n  DPM/mole, 
f  i s  t h e  m ole f r a c t i o n  o f  t h e  i n a c t i v e  monomer(IM) i n  t h e  co p o ly m er ,  
MWjŷ  i s  t h e  m o l e c u la r  w e ig h t  o f  t h e  l a b e l e d  monomer, and MW^ i s  t h e  
m o l e c u l a r  w e ig h t  o f  t h e  i n a c t i v e  monomer. E q u a t io n  1 can  b e  r e a r ­
ra n g e d  to  eq 2 , a  fo rm  m ore s u i t a b l e  f o r  c a l c u l a t i o n  o f  f .
f  =
SAM -  SAC (MW )
SAM +  SAC (MW_m -  MWdm) IM RM
( 2)
The d a t a  from  r u n  120 i n  T a b le  IX o f  C h a p te r  3 w i l l  b e  u s e d  to  
c a l c u l a t e  f ,  w h ic h  i n  t u r n  w i l l  b e  u se d  t o  c a l c u l a t e  C (= [m a le ic  
a n h y d r i d e ] / [ s t y r e n e ]  i n  t h e  c o p o ly m e r ) .
SAC = 2 .3 3  x  106 DPM/g MW^ = 1 0 4 .1  g /m o le
SAM = 5 .5 5  x  108  DPM/mole MWIM = 9 8 .1  g /m o le
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F “  2 2 .3  ”  [ m a le ic  a n h y d r i d e ] / [ s t y r e n e ]  i n  t h e  f e e d
The e q u a t i o n  f o r  f  i s
( 5 .5 5  -  2 .3 3  x  1 .0 4 )  x  1 0 8
f  -   -  (3 a )
( 5 .5 5  -  2 .3 3  x  0 .2 6 )  x  10°
= 0 .5 0 9  (3b)
T h e r e f o r e  C = 0 .5 0 9 / 0 .4 9 1  = 1 .0 3 7 .  The v a l u e s  f o r  C and  F a r e  
s u b s t i t u t e d  i n  eq  4 ,  w h ich  g iv e s  t h e  e q u a t i o n  f o r  one  l i n e  on an
r l - r 2 p l o t *
F2 - 1
r 2 = f  ’ r x +  F(C -  1 )
480 r ± -  0 .7 8
(4a)
(4b)




R e a c t io n s  o f  t h e  h y d ro g e n  a tom  i n  th e  gas  p h ase  h a v e  b een  e x t e n ­
s i v e l y  s t u d i e d , 1 ’2  b u t  t h e  s o l u t i o n  c h e m is t r y  o f  t h i s  r a d i c a l  h a s  
come u n d e r  i n t e n s i v e  i n v e s t i g a t i o n  o n ly  r e c e n t l y . 3 "6 The h y d ro g e n  
a tom  i s  o f  g r e a t  t h e o r e t i c a l  i n t e r e s t ;  f o r  e x a m p le ,  d a t a  on i t s  r e ­
a c t i o n s  a r e  n e c e s s a r y  t o  t e s t  c a l c u l a t i o n s  o f  a b s o l u t e  r a t e  t h e o r y . 2  
A l s o ,  i t  i s  d e s i r a b l e  t o  com pare th e  f e a t u r e s  o f  th e  H -a tom  w i t h  th o s e  
o f  o t h e r  f r e e  r a d i c a l s .  On a more p r a g m a t ic  l e v e l ,  r a d i o l y s i s  s t u d i e s  
h av e  i m p l i c a t e d  t h i s  r a d i c a l  i n  r a d i a t i o n  c h e m is t r y  and b i o l o g y . 4 "6 
I n  th e  r a d i o l y s i s  o f  aq u eo u s  s o l u t i o n s ,  th e  H -a tom  i s  p ro d u c e d  a lo n g  
w i t h  v a r i o u s  o t h e r  s p e c i e s ;  _ e . £ . , t h e  s o l v a t e d  e l e c t r o n  and o t h e r  io n  
r a d i c a l s ,  o t h e r  f r e e  r a d i c a l s  su ch  a s  th e  h y d r o x y l  r a d i c a l ,  and e x ­
c i t e d  m o l e c u l e s . 7  I n  o r d e r  t o  i n t e r p r e t  t h e  c h e m ic a l  e f f e c t s  r e ­
s u l t i n g  from  r a d i a t i o n ,  i t  i s  e s s e n t i a l  t h a t  t h e  r e a c t i o n s  o f  th e  
d i f f e r e n t  t r a n s i e n t  s p e c i e s  b e . i s o l a t e d  and s t u d i e d  in d e p e n d e n t l y .
AQUEOUS RADIOLYSIS STUDIES
A number o f  d i f f e r e n t  t e c h n iq u e s  h av e  b e e n  u se d  t o  s tu d y  th e  r e ­
a c t i o n s  o f  h y d ro g e n s  g e n e r a t e d  by t h e  r a d i o l y s i s  o f  aqueous  s o l u t i o n s .  
S c h o le s  and S im ic 5<* u t i l i z e d  a c o m p e t i t i v e  s y s te m  i n  w h ich  th e  h y d r o ­
gen  atoms r e a c t e d  w i t h  DCOO o r  d i f f e r e n t  s o lu te s (Q H )  to  g iv e  HD 
(eq  l )  and H2  (eq  2 ) .  They m easu red  th e  HD and H2  y i e l d s  f o r  v a r i o u s
6?
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H- +  DCOO”  > HD +  *000" ( l )
H- + QH  > H2  +  Q* (2 )
c o n c e n t r a t i o n s  o f  QH, and w ere  a b l e  t o  o b t a i n  r e l a t i v e  r a t e  o f  r e ­
a c t i o n  2 f o r  v a r i o u s  s u b s t r a t e s .  The a u t h o r s  r e p o r t  t h a t  added  N20 ,  
an  e l e c t r o n  s c a v e n g e r ,  r e d u c e s  th e  y i e l d s  o f  HD and H2 , b u t  k2  r e ­
m ains  c o n s t a n t  w h e th e r  o r  n o t  N20 i s  p r e s e n t .  Two o t h e r  s y s t e m s ,  
b o th  s i m i l a r  t o  t h a t  o f  S c h o le s  and  S im ic ,  h a v e  b een  d e v e lo p e d .  I n  
o n e , 5 ^ Fe(CN ) 6 ~3  i s  u sed  a s  th e  s t a n d a r d  r e a c t a n t  (eq  3 ) ,  and i n  th e  
o t h e r , 5e  2 - p r o p a n o l - 2 - jd i  i s  u sed  a s  t h e  s t a n d a r d  (eq  ^ ) .  As T a b le  I
H* +  Fe(CN ) e ”3   > H+  +  Fe(CN ) s "4  ( 3 )
H* + (CH3 )2CD0H ---------- > HD +  (CH3 )2 C0H (^ )
sh o w s,  t h e  r e s u l t s  from  th e  t h r e e  m ethods a r e  i n  good a g re e m e n t .
ORGANIC SOLUTION RADIOLYSIS STUDIES
In  t h e  i n i t i a l  o r g a n ic  s o l u t i o n  s t u d i e s ,  h y d ro g e n  atom s w ere  
g e n e r a t e d  th ro u g h  u s e  o f  h ig h  e n e rg y  r a d i a t i o n .  F o r  e x am p le ,  
H ardw ick 4 u t i l i z e d  t h e  r a d i o l y s i s  o f  hexane(R H ) s o l u t i o n s  o f  v a r i o u s  
s u b s t r a t e s ( Q H )  to  d e te rm in e  r e l a t i v e  r a t e s  o f  a d d i t i o n  and h y d ro g e n  
a b s t r a c t i o n  by t h e  h y d ro g e n  a tom  (eq s  5 “9 )»
RU y a d io l-y s iB  > H2 + p r o d u c t s  ( 5 )
RH rad -1— H* +  p r o d u c t s  (6 )
H- +  RH ----- > H2  +  R- (7 )
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T a b le  I .  R e l a t i v e  R a te s  o f  H ydrogen A b s t r a c t i o n  from QH by Hydrogen 
Atoms G e n e ra te d  by R a d i o l y s i s  o f  Aqueous S o l u t i o n s
R e l a t i v e  R a te
QH R e f .  a R e f .  b R e f .  c
M e th y l  a l c o h o l ( 1) ( 1) ( 1 )
E t h y l  a l c o h o l 8 .9 1 0 . 1 0 .
I s o p r o p y l  a l c o h o l 3 0 . 3 3 . 3 1 .
HCOO" 8 9 . 160. -
CRjCOO" 0 .2 - 0 .2
E th y le n e  g l y c o l 5 .8 - 4 .4
a G. S c h o le s  an d  M. S im i c ,  J .  P h y s .  Chem. , 6 8 , 1738 ( 1 9 6 4 ) .  ^ J .  
R a b a n i ,  i b i d . , 6 6 , 361 ( 1 9 6 2 ) .  M. A n b a r ,  D. M e y e r s t e in  and  P .  N e ta ,  
J .  Chem. S o c . .  572 (1 9 6 6 ) .
w here  R* and  Q- a r e  t h e  r a d i c a l s  t h a t  r e s u l t  when h y d ro g e n  i s  a b ­
s t r a c t e d  from  RH and QH, and  QH2 * i s  t h e  r a d i c a l  p ro d u c e d  when a 
H -a tom  adds  t o  QH. H ardw ick 11  u s e d  s t e a d y - s t a t e  t r e a t m e n t  f o r  h y d r o ­
gen atom s t o  o b t a i n  t h e  f o l l o w i n g  k i n e t i c  e x p r e s s i o n :
e M o -  o(ns ) - <G^Xk- /k3>T§T + G^WĈ /ks ) + l]  <10>
w h ere  G(H2 )q i s  y i e l d  o f  H2  i n  n e a t  RH (G v a l u e s  a r e  y i e l d s  i n  
m o le c u le s  p e r  100 eV ) ,  G(H2 ) i s  t h e  y i e l d  o f  H2  when a s u b s t r a t e  QH 
i s  p r e s e n t ,  G2 (h )  i s  th e  y i e l d  o f  H* v i a  r e a c t i o n  1 ,  and k^  i s  th e  
r a t e  c o n s t a n t  f o r  th e  r e a c t i o n  g iv e n  i n  e q u a t i o n  i .  A p l o t  o f  
1 / [ g ( H 2 ) 0  “ g (h2 )3 a g a i n s t  [ r h ] / [ Q H ]  s h o u ld  g iv e  a s t r a i g h t  l i n e  w i th  
a s lo p e  (k 7 / k a ) ( l / G 2 (H ))  and an  i n t e r c e p t  (1 /G 2 ( h ) ) [ ( k g /k 8  + l ] ,  
H ardw ick  s t u d i e d  a number o f  s u b s t r a t e s  and i n  a l l  c a s e s ,  o b t a in e d  a 
l i n e a r  r e l a t i o n s h i p .  From th e  s lo p e  he  c a l c u l a t e d  th e  r e l a t i v e  r a t e  
o f  a d d i t i o n  t o  QH (eq  8 ) ,  and from  th e  i n t e r c e p t ,  t h e  r e l a t i v e  r a t e  
o f  a b s t r a c t i o n  from  QH (eq  9 ) .  R e p r e s e n t a t i v e  d a t a  r e p o r t e d  by 
H ardw ick  a r e  g iv e n  i n  T a b le  I I .
T h e re  a r e  s e v e r a l  s u r p r i s i n g  f e a t u r e s  t o  t h e s e  r e s u l t s .  F o r  
e x a m p le ,  i n  t h e  k e to n e  s e r i e s ,  th e  r e a c t i v i t y  (p e r  h y d ro g e n )  d e ­
c r e a s e s  i n  t h e  o r d e r  Ac-Me >  A c -E t  >  A c - j . - P r ,  c o n t r a r y  t o  th e  o r d e r  
u s u a l l y  o b s e rv e d  f o r  o t h e r  r a d i c a l s  (3 °  >  2 °  >  1 ° ) . 8 A s i m i l a r  
anom aly  e x i s t s  f o r  e t h y lb e n z e n e  and  cum ene, i n  w h ich  c a s e  H a r d w ic k 's
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T a b le  I I .  R e l a t i v e  R a te s  o f  H ydrogen A b s t r a c t i o n  from  QH by H ydrogen 
Atoms G e n e ra te d  by R a d i o l y s i s  o f  O rg a n ic  S o l u t i o n s
QH R e l a t i v e  R a te 3
A c e to n e ( 1 )
M e th y l e t h y l  k e to n e 0 .9
M eth y l i s o p r o p y l  k e to n e 0 .4
T o lu en e b
E th y lb e n z e n e 0 .7
Cumene 0 . 1
]>-X y len e b
t e r t - B u t y l  m e rc a p ta n b
D ipheny lm e  th a n e b
a D a ta  o f  T . J .  H ardw ick ,  J .  P h y s . C hem ., 6 6 , 117 ( 1 9 6 2 ) .  
^ T h is  compound i s  r e l a t i v e l y  i n e r t  tow ard  h y d ro g en  a b s t r a c ­
t i o n .
v a l u e s  l e a d  t o  a  c a l c u l a t e d  3 ° : 2 °  r e a c t i v i t y  r a t i o  o f  1 : 3 .  A l s o ,  h e  
r e p o r t e d  t h a t  compounds su c h  a s  p - x y le n e  and d ip h e n y lm e th a n e  a r e  
u n r e a c t i v e  tow ard  t h e  h y d ro g e n  a to m . P e rh a p s  m o s t  dam aging  o f  a l l  
was t h e  f i n d i n g  by H ard w ick  t h a t  t e r t - b u t y l  m e rc a p ta n ,  a v e r y  good 
h y d ro g e n  d o n o r ,  was i n e r t  t o  h y d ro g en  a b s t r a c t i o n .
Much w ork  h a s  b e e n  done i n  r a d i o l y s i s  s u b s e q u e n t  t o  H a r d w ic k 's  
i n v e s t i g a t i o n s ,  and  i t  a p p e a r s  now t h a t  c o m p l i c a t i o n s  i n  H a rd w ic k 's  
s y s te m  r e n d e r  h i s  d a t a  i n v a l i d .  E a r l i e r ,  S c h u l e r 9  h ad  shown t h a t  low 
c o n c e n t r a t i o n s  o f  s o l u t e s  w i t h  h ig h  e l e c t r o n  a f f i n i t i e s  c o u ld  change  
th e  r a d i a t i o n  c h e m ic a l  p r o c e s s .  I n  a s tu d y  o f  t h e  r a d i o l y s i s  o f  
aq u eo u s  s o l u t i o n s ,  S c h o le s  and  S im ic 5t* u se d  N2O t o  sc a v e n g e  e l e c t r o n s  
and  fo u n d  t h a t  t h e  y i e l d  o f  m o le c u la r  h y d ro g e n  was r e d u c e d  c o r r e s ­
p o n d in g l y ;  s i m i l a r l y ,  t h e y  fo u n d  t h a t  N2O r e d u c e d  th e  y i e l d  o f  h y d r o ­
gen  i n  t h e  r a d i o l y s i s  o f  c y c l o h e x a n e . 1 0  A p p a r e n t l y ,  t h e n ,  t h e  s o l ­
v a t e d  e l e c t r o n  i s  a v i a b l e  s p e c i e s  i n  b o th  aq u eo u s  and o r g a n ic  s o l u ­
t i o n  r a d i o l y s e s ,  and  t h e  e l e c t r o n s  i n  t h e s e  m edia  a r e  p r e c u r s o r s  t o  
h y d ro g e n  a to m s .
H o lro y d 53 h a s  shown t h a t  some s o l u t e s  t h a t  a r e  v e r y  r e a c t i v e  
to w ard  th e  h y d ro g e n  a tom  a r e  a l s o  e x c e l l e n t  e l e c t r o n  s c a v e n g e r s .
Thus i t  a p p e a r s  t h a t  H a rd w ick  was n o t  i s o l a t i n g  t h e  r e a c t i o n s  o f  th e  
h y d ro g e n  a to m , b u t  r a t h e r  h i s  s y s te m  c o n t a i n e d  a b u i l t - i n  s o u r c e  o f  
e r r o r  w h ich  v a r i e d  w i t h  e a c h  s o l u t e  h e  s t u d i e d .
THIOL PHOTOLYSIS STUDIES
P r y o r  and c o w o rk e r s 3  h a v e  s t u d i e d  t h e  r e a c t i o n s  o f  th e  h y d ro g e n  
a to m , u s i n g  p h o t o l y s i s  o f  t h i o l s  i n  o r g a n i c  s o l u t i o n  a s  a c o n v e n i e n t  
method o f  g e n e r a t i n g  H -a tom s i n  t h e  a b s e n c e  o f  o t h e r  r e a c t i v e  s p e c i e s
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s u c h  a s  a r e  p ro d u c e d  i n  r a d i o l y s i s .  The f i r s t  s u c c e s s f u l  s y s te m  d e ­
v e lo p e d  i n  P r y o r ' s  l a b o r a t o r i e s  (Method A) in v o l v e s  t h e  p h o t o l y s i s  
o f  d e u t e r a t e d  t h i o l s  t o  p ro d u c e  d e u te r iu m  a t o m s .38 The d e u te r iu m  
a to m s ,  p re su m a b ly  t h e r m a l i z e d  p r i o r  t o  r e a c t i o n , 11 t h e n  a b s t r a c t  
e i t h e r  d e u t e r iu m  o r  h y d ro g e n  fro m  th e  t h i o l ,  o r  h y d ro g e n  from  a n  
o r g a n i c  h y d ro g e n  d o n o r ,  QH. The r e a c t i o n  scheme i s  a s  f o l l o w s :
Method A
RSD ■
hv > RS* + D* (1 1 )
D* + RSD
k i 2>
d2 + RS* (1 2 )
D* + RSD
k i 3>
HD + •RSD (1 3 )
D* + QH
k i 4>
HD + Q- (111-)
Q- + RSD ----- > QD + RS* (1 5 )
2 RS* ------> RSSR (1 6 )
w here  *RSD i s  a t h i o l  t h a t  h a s  l o s t  a h y d ro g e n  a tom  from  i t s  R g ro u p ,  
and t h e  o t h e r  sym bols  h a v e  t h e i r  u s u a l  m e an in g .  A t low c o n v e r s i o n s ,  
r e a c t i o n s  15  and  16 c a n  be  n e g l e c t e d .  K i n e t i c  a n a l y s i s  o f  t h i s  
s y s te m  i n d i c a t e s  t h a t  a p l o t  o f  C h d ] / [ d 2 ] v e r s u s  [qh3 /[R S D ] s h o u ld  
y i e l d  a s t r a i g h t  l i n e  o f  s l o p e  k n l i 4 ( s e e  eq  1 7 )> w here  I i 4 = kj)/kii
J j f f i l  = koa  +  kH l i4  [QH] a  .
CbgJ k i 2 k i 2 [ r s d ]  '  {)
f o r  h y d ro g e n  o r  d e u t e r iu m  atom s r e a c t i n g  w i t h  QH. V a lu es  o f  I i 4 a r e  
v e r y  n e a r l y  u n i t y ,  and  a r e  e s s e n t i a l l y  t h e  same f o r  a l l  QH com pounds. 9
U sin g  e i t h e r  th io p h e n o l-_ d i  o r  2 - m e t h y l - 2 - p r o p a n e t h i o l - d ji  a s  a 
s o u r c e  o f  d e u t e r iu m  a to m s ,  P r y o r  and S t a n l e y 33 m easured  th e  r e l a t i v e  
r e a c t i v i t i e s  o f  a number o f  o r g a n ic  h y d ro g e n  d o n o r s ,  and found  a g r e e ­
ment w i t h i n  a b o u t  10$ f o r  th e  two d i f f e r e n t  t h i o l s .  S in c e  th e  bond 
s t r e n g t h s  o f  th e  S-H bonds i n  t h e  two t h i o l s  d i f f e r  by a b o u t  13 
k c a l / m o l , 12 t h i s  a g re e m e n t  i n d i c a t e s  t h a t  no r e a c t i o n  t h a t  in v o lv e s  
making o r  b r e a k in g  a bond to  s u l f u r  i s  i n t e r f e r i n g  w i th  th e  a n a l y s i s .
A s e c o n d ,  s i m i l a r  sy s te m  (Method B) u s e d  by P r y o r 3 ^ t o  m easu re  
th e  r e l a t i v e  r e a c t i v i t i e s  o f  o r g a n ic  compounds w i t h  h y d ro g e n  atoms 
in v o l v e s  th e  p h o t o l y s i s  o f  t r i t i a t e d  t h i o l  i n  t h e  p r e s e n c e  o f  a QH, 
and m e a su r in g  th e  amount o f  t r i t i u m  i n c o r p o r a t e d  i n t o  t h e  QH (eq s  
1 8 - 2 3 ) .  The r e l a t i v e  s p e c i f i c  a c t i v i t i e s  o f  r e c o v e r e d  Q H (t)  and
Method B
RSH(t ) hv > RS- + H - ( t - ) (18)
H* +  QH ------- > H2 + Q- ( 1 9 )
H* +  Q'H ------- > H2 + Q ' - ( 2 0 )
Q- +  RSH(t ) ------- > Q H(t ) +  RS- (2 1 )
Q '-  +  RSH(t ) ------- > Q ' H ( t ) + RS- ( 2 2 )
Q- +  Q'H ------- > QH + Q ' . ( 2 3 )
Q 'H ( t )  a r e  d i r e c t l y  r e l a t e d  t o  t h e i r  r e a c t i v i t i e s .  One h y d ro g e n  
donor  i s  s e l e c t e d  a s  t h e  s t a n d a r d ,  and  t h e  r e a c t i v i t i e s  o f  o t h e r  
compounds a r e  d e te rm in e d  by c o m p a r is o n  o f  t h e i r  s p e c i f i c  a c t i v i t i e s  
w i t h  t h a t  o f  th e  s t a n d a r d .
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T h ere  i s  an  i s o t o p e  e f f e c t  on  th e  s t e p s  i n  w h ich  a c t i v i t y  i s  
i n c o r p o r a t e d  i n t o  t h e  h y d ro g e n  d o n o r  (eq s  21 and 2 2 ) .  The m a g n itu d e  
o f  t h i s  i s o t o p e  e f f e c t  d ep en d s  on t h e  n a t u r e  o f  th e  r a d i c a l ,  3 b u t  
s h o u ld  be r e l a t i v e l y  c o n s t a n t  i n  a s e r i e s  o f  s i m i l a r  QH com pounds.
The r e a c t i o n  g iv e n  i n  e q u a t i o n  23 p o t e n t i a l l y  c o u ld  l e a d  t o  e r r o n e o u s  
r e s u l t s ,  b u t  i s  u n im p o r ta n t  when e x c e s s  t h i o l  i s  p r e s e n t .
RESULTS FROM RADIOLYSIS AND THIOL PHOTOLYSIS SYSTEMS
T a b le  I I I  l i s t s  th e  r e s u l t s  o b t a i n e d  by t h e  two t h i o l  m ethods 
f o r  t h e  r e a c t i v i t i e s  o f  v a r i o u s  o r g a n i c  compounds ( r e l a t i v e  t o  h e x a n e )  
and a l s o  some o f  th e  d a t a  c o l l e c t e d  by r a d i o l y s i s  t e c h n i q u e s .  The 
d a t a '  a r e  i n  g e n e r a l  a g re e m e n t  w i t h  t h e  e x c e p t i o n  o f  th e  r e a c t i v i t i e s  
o f  t h e  a l c o h o l s  and t h e  more r e a c t i v e  h y d r o c a r b o n s  a s  m easu red  by 
r a d i o l y s i s .  The d i s a g r e e m e n t  b e tw ee n  th e  t h i o l  sy s te m s  and r a d i o l y s i s  
f o r  e t h a n o l  and 2 - p r o p a n o l  c a n n o t  be a t t r i b u t e d  to  e x p e r i m e n t a l  
e r r o r ,  s i n c e  a number o f  d i f f e r e n t  w o rk e r s  h a v e  s t u d i e d  th e  r a d i o l y s i s  
o f  t h e  a l c o h o l s  and h av e  o b t a i n e d  s i m i l a r  r e s u l t s .
THE PRESENT CONTRIBUTION
In  o r d e r  t o  g a i n  i n s i g h t  i n t o  t h e  d i s c r e p a n c y  b e tw ee n  th e  r e ­
s u l t s  o f  t h e  r a d i o l y s i s  m ethods and t h o s e  o f  t h e  t h i o l  s y s t e m s ,  we 
d e v e lo p e d  an  in d e p e n d e n t  t e c h n iq u e  t h a t  a l lo w e d  us  t o  s tu d y  t h e  r e ­
a c t i o n s  o f  th e  h y d ro g e n  a tom  k i n e t i c a l l y .  The d e t a i l s  o f  t h i s  method 
and th e  i m p l i c a t i o n s  o f  t h e  r e s u l t s  o b t a i n e d  from  i t  a r e  th e  s u b j e c t  
o f  t h e  r e m a in d e r  o f  P a r t  I I .
T6
T a b le  I I I .  R e l a t i v e  R a te s  o f  R e a c t i o n  o f  H ydrogen Atoms w i th  Hydrogen 
D onors
r— Method ->------------- t—  R a d i o l y s i s  -----\
QH A3 Bb R e f .  c R e f .  d
Hexane ( 1 ) ( 1 ) - ( 1 )
Nonane 2 . 2 1 .4 - 1 .7
Dodecane 2 .3 2 . 0 - -
2 , 3 -D im e th y lb u ta n e 2 . 2 2 . 1 - 3 .2
2 , 4 - D im e th y lp e n ta n e 1 . 5 0 .8 4 - 3 .6
2 , 5 -D im e th y lh e x a n e 2 . 4 1 . 2 - -
C y c lo p e n ta n e 1 . 2 0 .8 7 - 1 . 1
C y c lo h ex an e 1 . 2 1 . 1 - -
M ethyl a l c o h o l 0 .4 2 0 .4 3 ( 0 .4 2 ) -
E t h y l  a l c o h o l 1 . 2 0 . 8 6 4 .2 -
I s o p r o p y l  a l c o h o l 1 .9 1 . 8 1 3 .2 -
t e r t - B u t y l  a l c o h o l 0 . 0 3 <0 . 1 0 .0 3 -
j j -D io x a n e 3 .0 1 . 2 1 .4 -
T e t r a h y d r o f u r a n 9 . 1 - 7 .7 -
I s o p r o p y l  e t h e r 4 . 8 2 . 1 - -
R e l a t i v e  v a l u e s  o f k g l ^  o b t a i n e d from  th e d e u t e r a t e d t h i o l  s y s t e r
s e e  t e x t .  ^ R e l a t i v e  v a l u e s  o f  k j j ^ l  o b t a i n e d  from  t h e  t r i t i a t e d  t h i o l  
s y s te m ;  s e e  t e x t .  cA v e ra g e  v a l u e s  o f  d a t a  r e v ie w e d  i n  M. A nbar and  
P . N e ta ,  I n t .  J .  A p p l .  R a d i a t .  I s o t o p e s ,  1 8 , 493 (1 9 6 7 ) .  ^ D a ta  o f  
T. J  H a rd w ick ,  J .  P h y s .  Chem ., 6 5 , 101 ( 1 9 6 1 ) .
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A l l  s o l v e n t s  w e r e  d r i e d  a n d  t h e n  d i s t i l l e d  t w i c e  t h r o u g h  a n  
11 cm c o lu m n  f i l l e d  w i t h  H e l i - p a k ;  o n l y  t h e  c e n t e r  f r a c t i o n  i n  e a c h  
d i s t i l l a t i o n  w as r e t a i n e d .  A d d i t i o n a l l y ,  s a t u r a t e d  h y d r o c a r b o n s  
w e r e  p a s s e d  t h r o u g h  a  s i l v e r  n i t r a t e - a l u m i n a  c o lu m n 1 t o  rem ove  an y  
u n s a t u r a t e d  m a t e r i a l .  The u l t r a v i o l e t  s p e c t r a  o f  t h e s e  p u r i f i e d  
a l k a n e s  w e r e  t a k e n  on  a C a ry  M odel 1*4- S p e c t r o p h o t o m e t e r  and  c o n ­
f i r m e d  t h e  a b s e n c e  o f  u n s a t u r a t e s .
Cumene w as  w a s h e d  s e v e r a l  t i m e s  w i t h  c o n c e n t r a t e d  s u l f u r i c  a c i d  
a n d  t h e n  w a s h e d  w i t h  w a t e r .  A f t e r  t r e a t m e n t  w i t h  c a l c i u m  c h l o r i d e  
a n d  m ag n es iu m  s u l f a t e ,  i t  w as  d i s t i l l e d  (bp  *44° a t  1 8  mm). In  some 
r u n s ,  o t h e r  a r o m a t i c  h y d r o c a r b o n s  p u r i f i e d  by  t h i s  m e th o d  w e r e  u s e d .
M e th y l  a l c o h o l - d ^ .  an d  e t h y l  a l c o h o l - d ^ .  w e r e  o b t a i n e d  f ro m  
D i a p r e p ,  I n c o r p o r a t e d  ( P .O .  Box 18*44, A t l a n t a ,  G a . ) .
I s o p r o p y l  a l c o h o l - d i  a n d  t e r t - b u t y l  a l c o h o l - d i  w e r e  p r e p a r e d  by 
v i g o r o u s l y  s t i r r i n g  t h e  a p p r o p r i a t e  a l c o h o l  w i t h  9 9 - 8 $  D20 ( p u r ­
c h a s e d  f ro m  IC N ), t h e n  d i s t i l l i n g  t h e  a l c o h o l - < l  f ro m  t h e  s o l u t i o n .  
The nmr s p e c t r a  show ed t h a t  f i v e  s u c c e s s i v e  e x c h a n g e s  w i t h  e q u a l  
v o lu m e s  o f  D20 w e r e  s u f f i c i e n t  t o  b r i n g  t h e  d e u t e r i u m  c o n t e n t  a t  t h e  
e x c h a n g e a b l e  h y d r o g e n  p o s i t i o n  up  t o  a b o u t  98 - 99$  j l -  The a l c o h o l s  
w e r e  d r i e d  an d  d i s t i l l e d .
2 -M e th y l - 2 - p ro p a n e  t h i o l -c[ i  was p r e p a r e d  i n  a s i m i l a r  f a s h i o n  to  
t h e  d e u t e r a t e d  a l c o h o l s ,  e x c e p t  t h a t  s i n c e  w a t e r  and t h i o l  a r e  
im m i s c i b l e ,  i t  was n o t  n e c e s s a r y  t o  d i s t i l l  th e  t h i o l  o u t  i n  o r d e r
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t o  e f f e c t  a s e p a r a t i o n .  A f t e r  f i v e  e x ch a n g es  t h e  t h i o l  was d r i e d  
and  d i s t i l l e d .
t e r t - B u ty l  p e ro x y fo rm a te  (BUP) . 2  A m ix tu r e  o f  50 ml o f  90$ 
t e r t - b u t y l  h y d r o x id e  ( L u c i d o l ) ,  40 ml o f  97$  fo rm ic  a c i d ,  50 ml o f  
p e n ta n e  and 0 . 2 0  g o f  ^ - t e r t - b u t y l p y r o c a t e c h o l  was r e f l u x e d  i n  th e  
d a r k  f o r  2k h r ,  w h i l e  t h e  w a t e r  b e in g  form ed was removed a z e o t r o p i -  
c a l l y  th r o u g h  u s e  o f  a D e a n - S ta r k  t r a p .  Then 55 ml o f  w a t e r  was 
a d d e d ,  and th e  m ix tu r e  was e x t r a c t e d  w i t h  50 ml o f  p e n t a n e .  The 
o r g a n i c  l a y e r  was s e p a r a t e d  and d r i e d  w i t h  magnesium s u l f a t e .  The 
s o l v e n t  was removed u n d e r  r e d u c e d  p r e s s u r e ,  and th e  r e s i d u e  d i s ­
t i l l e d ,  g i v i n g  5 -1  g o f  BUP [H-C02 -0C(CH3 )3 ] , bp ^ 3 - ^ °  a t  25 mm.
The i n f r a r e d  and nmr s p e c t r a  showed t h a t  t h e  BUP was f r e e  o f  a l c o h o l ,  
a c i d ,  h y d r o p e r o x id e  and p e r o x i d e .  B eca u se  o f  t h e  i n s t a b i l i t y  o f  BUP 
i t  was n o t  p o s s i b l e  t o  a n a l y z e  f o r  p u r i t y  by g p c . A l th o u g h  BUP 
decom poses s lo w ly  a t  room t e m p e r a t u r e  t o  t e r t - b u t y l  a l c o h o l  and 
c a r b o n  d i o x i d e  (and some fo rm ic  a c i d ) ,  d e c o m p o s i t io n  c a n  be  i n h i b ­
i t e d  by p l a c i n g  t h e  p e r e s t e r  a t  - 7 8 °  u n d e r  a n i t r o g e n  a tm o s p h e re .  
U nder t h e s e  c o n d i t i o n s  BUP c a n  be s t o r e d  f o r  e x te n d e d  p e r i o d s .
D e u te r iu m  g as  (D2 ) a s  p u rc h a s e d  from  t h e  M atheson  Co. c o n t a i n e d  
o n ly  t r a c e s  o f  d e u t e r iu m  h y d r i d e  and h y d ro g e n  g a s .
D e u te r iu m  h y d r id e  (HD) was g e n e r a t e d  by a d d in g  a s o l u t i o n  o f  
9 9 . 8 $  ji D20 i n  b u t y l  e t h e r  t o  a s l u r r y  o f  b u t y l  e t h e r  and 
l i t h i u m  alum inum  h y d r i d e . 3  A n a l y s i s  o f  th e  r e s u l t i n g  g as  by mass 
s p e c t r o m e t r y  i n d i c a t e d  a c o m p o s i t io n  o f  rM98$ HD, and a b o u t  1$  eac h  
o f  H2  and  D2 .
S i l v e r  n i t r a t e - a l u m i n a .  A s l u r r y  o f  110 g o f  c h ro m a to g ra p h ic
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a lu m in a  (A lcoa C h e m ic a l s ,  F -2 0 )  and 200 ml o f  1 ,5  M n i t r i c  a c i d  was 
s t i r r e d  v i g o r o u s l y  f o r  JO m in . The s l u r r y  was f i l t e r e d  th ro u g h  a 
c o a r s e  s i n t e r e d - g l a s s  f u n n e l ,  and  th e  r e s i d u e  was w ashed  w i t h  d i s ­
t i l l e d  w a t e r  u n t i l  a l l  t h e  a c i d  was rem oved . A s o l u t i o n  o f  15  g o f  
s i l v e r  n i t r a t e ,  7  ml  ° f  w a t e r  and  120 ml o f  m e th y l  a l c o h o l  was u sed  
t o  w ash th e  r e s i d u e  i n t o  a 500  ml ro u n d  b o t to m  f l a s k ,  and t h e  l i q u i d  
p h a s e  was rem oved u n d e r  r e d u c e d  p r e s s u r e .  The r e s i d u e  was t r a n s ­
f e r r e d  t o  a 25O ml E r le n m e y e r  f l a s k  and  d r i e d  a t  1 ^ 0 °  f o r  2^ h r .
The f i n e l y  d i v i d e d ,  g r a y i s h  m a t e r i a l  was p o u re d  i n t o  a colum n (13  mm 
x  20 cm) p lu g g e d  a t  th e  b o t to m  w i t h  g l a s s  w o o l .
KINETIC PROCEDURE
The am pou les  u se d  i n  t h e s e  e x p e r im e n ts  w ere  s e a l e d  t o  a male 
£  1 2 /3 0  g ro u n d  g l a s s  j o i n t .  A f t e r  t h e  a p p r o p r i a t e  s o l u t i o n  was 
a d d e d ,  t h e  s t a n d a r d  t a p e r  j o i n t  on t h e  am poule was c o n n e c te d  t o  a 
u n i t  c o n s i s t i n g  o f  a vacuum s to p c o c k  (K ontes  G l a s s ,  2 mm) s e a l e d  to  
a  fe m a le  £  1 2 /3 0  g round  g l a s s  j o i n t .  T h is  u n i t  was th e n  a t t a c h e d  to  
a  vacuum l i n e ,  and t h e  c o n t e n t s  o f  th e  am poule w ere  d e g a s s e d .
A s o l u t i o n  o f  a h y d ro g e n  d o n o r  (QH) and t h i o l - c i  c o n t a i n i n g  
a b o u t  0 . 0 2  M BUP was p la c e d  i n  t h e  s p e c i a l l y  a d a p te d  P y re x  am poules  
and d e g a s s e d  by t h r e e  f r e e z e -p u m p - th a w  c y c l e s . . C a re  was e x e r c i s e d  
t o  p r e v e n t  c r a c k i n g  o f  t h e  am pou les  when a s o l v e n t  w i t h  a v e ry  low 
m e l t i n g  p o i n t  w ou ld  f r e e z e .  To c i r c u m v e n t  t h i s  d i f f i c u l t y  th e  
am poule was tu r n e d  t o  a n e a r - h o r i z o n t a l  p o s i t i o n  w h i l e  t h e  l i q u i d  
n i t r o g e n  was b e in g  a p p l i e d .  The am poule was t h e n  s e a l e d  o f f  u n d e r  
vacuum by c l o s i n g  o f f  t h e  vacuum s to p c o c k  and i r r a d i a t e d  f o r  one h r
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i n  a R a y o n e t  p h o to c h e m ic a l  r e a c t o r .  S i x t e e n  36OO S - r e g i o n  lamps 
(G e n e ra l  E l e c t r i c  No. F8T5BL) p ro v id e d  i l l u m i n a t i o n ,  and a m e rry -  
g o - ro u n d  a p p a r a t u s  was u se d  t o  i n s u r e  t h a t  a l l  o f  th e  tu b e s  r e c e i v e d  
e q u a l  e x p o s u re  t o  t h e  l i g h t .  A f t e r  i r r a d i a t i o n  t h e  sam p les  w ere  
f r o z e n  i n  l i q u i d  n i t r o g e n ,  d e g a s s e d  i n t o  a CEC Model 2 1 -620  mass 
s p e c t r o m e t e r ,  and a n a l y s i s  f o r  H2 , HD and D2  was made. C a l i b r a t i o n  
c u r v e s  w ere  made f o r  t h e s e  g a s e s  u s i n g  s y n t h e t i c  m i x t u r e s .  S in c e  
m ach ine  r e p r o d u c i b i l i t y  v a r i e d ,  i t  was n e c e s s a r y  t o  r u n  s t a n d a r d s  
w i t h  t h e  unknow ns. I n  t h e  c a s e  o f  t h e  t h i o l - f r e e  s y s t e m ,  t r e a t m e n t  
p a r a l l e d  t h a t  o f  t h e  B U P-th io l-d^  s y s te m  e x c e p t  t h a t  b e n ze n e  r e p l a c e d  
th e  t h i o l - < i  a s  d i l u e n t .  Each h y d ro g e n  do n o r  (b en ze n e  a l s o )  was 
i r r a d i a t e d  u n d e r  c o n d i t i o n s  s i m i l a r  t o  t h o s e  u se d  t o  p h o to l y z e  th e  
BUP s o l u t i o n ;  i t  was fo u n d  t h a t  no h y d ro g e n  g as  was p ro d u c e d  i n  th e  
p h o t o l y s i s  o f  n e a t  s o l v e n t .
PRODUCT ANALYSIS
As d i s c u s s e d  a b o v e ,  H2 , HD and D2 w ere  d e te r m in e d  by mass s p e c t ­
r o m e t r y ,  a s  w e re  c a r b o n  d io x i d e  and  m e th a n e .  A ce to n e  and t e r t - b u t y l  
a l c o h o l  w e re  d e t e r m in e d  by gpc (A ero g rap h  2 0 0 ,  SE-30 colum n a t  6 0 ° ) .  
I n  t h e  a n a l y s i s  f o r  fo rm ic  a c i d ,  t h e  sam ple  was d i l u t e d  w i t h  m e th y l  
a l c o h o l ,  and t h e  fo rm ic  a c i d  was t i t r a t e d  w i t h  s t a n d a r d  b a s e  (KOH) 
t o  a p h e n o l p h t h a l e i n  end p o i n t .
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THERMOLYSIS AND PHOTOLYSIS OF t e r t -BUTYL PEROXYFORMATE
A lth o u g h  t e r t - b u t y l  p e ro x y fo rm a te  (BUP), H-C02 -0C(CH3 )3 , h a s  
b een  decomposed t h e r m a l l y , 1 o u r s  i s  t h e  f i r s t  s tu d y  o f  i t s  p h o t o l ­
y s i s . 2  t e r t - B u ty l  p e r o x y f o r m a te ,  l i k e  o t h e r  p e r e s t e r s  (and d i a c y l  
p e r o x i d e s ) ,  h a s  c o n t in u o u s  weak a b s o r p t i o n  i n  t h e  u l t r a v i o l e t  r e g io n  
b e g in n in g  a b o u t  3200  X; t h i s  a b s o r p t i o n  i s  due t o  a n  n-rr* c a rb o n y l  
t r a n s i t i o n  and th e  0 - 0  ( p e r o x i d e )  g roup  c o n t in u u m . 3 ’4 The p r o d u c t s  
from  a t y p i c a l  p h o t o l y s i s  e x p e r im e n t  a r e  shown i n  T a b le  I .  The r e ­
s u l t s  o b t a in e d  by P in c o c k 1 f rom  th e rm a l  d e c o m p o s i t i o n  a r e  in c lu d e d  
f o r  c o m p a r is o n .  T h e o r e t i c a l l y  th e  sum o f  t h e  y i e l d s  o f  c a rb o n  d io x i d e  
and fo rm ic  a c i d  s h o u ld  t o t a l  1 .0 0  mole p e r  mole o f  BUP decom posed , a s  
s h o u ld  th e  sum o f  th e  y i e l d s  o f  t e r t - b u t y l  a l c o h o l  and a c e to n e  (o r  
m e th a n e ) .  We c a n  a c c o u n t  f o r  97$  ° f  HC02 - m o i e t i e s  and 9 6 -9 9 $  
o f  th e  -0C(CH3 )3  f r a g m e n ts .  I n  t h e  c a s e  o f  t h e r m o l y s i s 1 th e  c o r r e ­
s p o n d in g  v a lu e s  a r e  82$ and 1 0 6 -1 0 8 $ .  I n  a c o m p a r is o n  o f  th e  p r o ­
d u c t s  a r i s i n g  from  BUP d e c o m p o s i t i o n  by p h o t o l y s i s  and t h e r m o l y s i s ,  
th e  b i g g e s t  d i f f e r e n c e  i s  i n  h y d ro g e n  g as  y i e l d .  W hereas P in c o c k 1 
r e p o r t s  t h a t  "no h y d ro g en  i s  p r e s e n t  i n  t h e  p r o d u c t  g a s e s , "  we f i n d  
a b o u t  o n e - h a l f  mole o f  H2  p e r  mole o f  p e r e s t e r  decom posed .
S h e ld o n  and K ochi43  h av e  r e p o r t e d  t h a t  i n  th e  p h o t o l y s i s  o f  p e r ­
es  t e r s  o f  t h e  ty p e  R-C03R *, w here  R and R ' a r e  a l k y l  g r o u p s ,  th e  
quantum  y i e l d  f o r  c a rb o n  d i o x i d e  f o r m a t io n  i s  o n e .  T h i s  o b s e r v a t i o n  
i n d i c a t e s  t h a t  th e  p r im a ry  s t e p  in v o l v e s  tw o-bond h o m o ly s i s  (eq  1 ) .  
H ow ever, i t  i s  n o t  p o s s i b l e  t o  r u l e  o u t  a m echanism  i n  w h ich  th e
8^
Table I. Products of Decomposition of tert-Butyl Peroxyformate3
P r o d u c t P h o t o l y s i s ^
Q
T h e rm o ly s is
H ydrogen 0 .4 6 0 . 0 0
Carbon d i o x i d e 0 .9 3 0 . 6 8
Form ic a c i d 0 .0 4 0 .1 4
t e r t - B u t y l  a l c o h o l 0 .9 0 0 . 8 8
A cetone 0 .0 9 0 .1 8
M ethane 0 .0 6 0 . 2 0
cL bI n  m oles  p e r  m ole o f  p e r f o r m a te  decom posed . [BUP] i s  0 .1 4 1  M
o
i n  c y c lo h e x a n e ;  p h o t o l y s i s  was e f f e c t e d  by 3000 A - r e g io n  lam ps i n  a
o cR ayone t r e a c t o r ;  t h e  t e m p e r a t u r e  was 40 . D a ta  o f  R. E. P in c o c k ,  
J .  Amer. Chem. S o c . ,  8 6 , 1820 (1 9 6 4 ) ;  [BUP] i s  0 .3 6 6  M i n  cumene; 
t h e  t e m p e r a tu r e  was 1 4 0 ° .
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R-C02 -0 R ' - J £ L >  R* . +  C02 +  R'O* (1 )
i n i t i a l l y  form ed a c y lo x y  r a d i c a l s  u n d e rg o  v e r y  r a p i d  d e c a r b o x y l a t i o n  
(eq  2 ) .  The quantum  y i e l d  f o r  R* i s  a l s o  o n e ,  b u t  t h e  a u t h o r s  r e p o r t
R-C02 -0 R ' R-C02 * +  R'O* (2 a )
R-C02 *  > R* +  C02 (2 b )
t h a t  g e n e r a l l y  l e s s  th a n  50$ o f  t h e  R* r a d i c a l s  r e a c t  t o  g iv e  RH due  t o  
t h e  f a c t  t h a t  r e a c t i o n s  o t h e r  th a n  h y d ro g e n  a b s t r a c t i o n  by R* a r e  
o c c u r r i n g ;  c o m b in a t io n  w i t h  R'O* to  fo rm  an  e t h e r ,  and d i s ­
p r o p o r t i o n s  t  io n  w i t h  a n o t h e r  r a d i c a l  t o  g iv e  R ( -H ) .  I t  i s  m ost 
p r o b a b le  t h a t  t h e  quantum  y i e l d  f o r  H* i n  BUP p h o t o l y s i s  i s  u n i t y ,  
b u t  t h a t  t h e  y i e l d  o f  H2 i s  l e s s  t h a n  one a s  a r e s u l t  o f  c o m p e tin g  
r e a c t i o n s  ( i n  t h i s  c a s e ,  c o m b in a t io n  w i t h  t e r t - b u to x y  and c y c l o h e x y l  
r a d i c a l s ) .  S i m i l a r  r e s u l t s  h av e  b e e n  o b s e rv e d  i n  t h e  p h o t o l y s i s  o f  
a c y l  p e r o x i d e s . A n o th e r  f a c t o r  c o n t r i b u t i n g  t o  t h e  d im in is h e d  
am ount o f  h y d ro g e n  g as  i s  in d u c e d  d e c o m p o s i t i o n 3 o f  BUP (eq  5 ) .
X* +  H-C02 -0C(CH3 )3----- ------> XH +  •co2 - o c ( c h 3 )3 ( 3 )
P re su m a b ly  th e  r e s u l t i n g  r a d i c a l  w ould  d e c a r b o x y l a t e , and  th e  y i e l d s  
o f  c a rb o n  d io x i d e  and t e r t - b u t y l  a l c o h o l  w ould  be u n d im in i s h e d .  I f  
X* w ere  t h e  H -a to m  a l o n e ,  th e n  t h e  r a t i o  o f  [ h2 ] / [ C 0 2 ] s h o u ld  be 
o n e .  H ow ever, t h e r e  a r e  o t h e r  r a d i c a l s  i n  s o l u t i o n  ( f o r  e x a m p le ,
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t h e  t e r t - b u to x y  and c y c l o h e x y l  r a d i c a l s ) ,  and a t t a c k  on BUP by one 
o f  them  e f f e c t i v e l y  r e d u c e s  t h e  [ h 2 ] / [ C 0 2 ]  r a t i o .  The s m a l l  amount 
o f  fo rm ic  a c i d  o b s e rv e d  i n  t h e  p r e s e n t  w ork  i s  p r o b a b ly  a r e s u l t  o f  
BUP d e c o m p o s i t io n  v i a  t h e r m o l y s i s  d u r in g  i r r a d i a t i o n . 1
P h o t o l y s i s  o f  BUP a t  b0°  i n  d e u t e r a t e d  s o l v e n t s  su ch  a s  a c e -  
t o n e - d 6 , benzene-d^6 , c h lo ro fo rm -d ^  , to luene-cy  , a  ,0.-^ 3  and 2 - m e th y l -  
2 - p ro p a n e  t h i o l  - d i  g iv e s  HD (and  a l s o  some H2 ) .  I d e n t i c a l  s o l u t i o n s  
h e a t e d  t o  ^0 °  f o r  e x te n d e d  p e r i o d s ,  b u t  n o t  p h o t o l y z e d , a r e  f r e e  o f  
n o n - c o n d e n s ib l e  g a s e s .  T herm al d e c o m p o s i t io n  o f  BUP a t  100°  i n  
t h e s e  s o l v e n t s  does  y i e l d  m inor am ounts  o f  HD and H2 , b u t  n o t  enough 
f o r  q u a n t i t a t i v e  a n a l y s i s .
BUP-DEUTERATED THIOL SYSTEM
The p h o t o l y s i s  o f  a s o l u t i o n  c o n t a i n i n g  BUP, a d e u t e r a t e d  
compound RD a s  a s t a n d a r d  r e a c t a n t ,  and  a h y d ro g e n  d o n o r  QH g iv e s  
H2  and HD by th e  f o l l o w i n g  r e a c t i o n s .
Ti\ i
BUP ------- > H* +  o t h e r  p r o d u c t s  (^ )
H* +  BUP -------- > H2  +  -BUP (5 )
ku
H- +  QH — — > H2  +  Q* (6 )
ky
H- +  RD  > H2  +  -RD ( 7 )
H- +  RD HD +  R- ( 8 )
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w here  -BUP and *RD a r e  t h e  r a d i c a l s  w h ich  r e s u l t  when a h y d ro g e n  
a tom  i s  a b s t r a c t e d  from  BUP and RD, r e s p e c t i v e l y ,  and t h e  o t h e r  
sym bols  hav e  t h e i r  u s u a l  m e an in g .  A l th o u g h  th e  i n i t i a l l y  form ed 
h y d ro g e n  a tom  w ould  h a v e  some e x c e s s  k i n e t i c  e n e r g y ,  p re s u m a b ly  i t  
becomes t h e r m a l i z e d  v e r y  r a p i d l y . 6
A t t a c k  on BUP (eq  5 ) c a n  be s t u d i e d  by o b s e r v in g  th e  change  o f  
th e  [H2 ] /[H D ] r a t i o  w i t h  v a r i a t i o n  o f  th e  c o n c e n t r a t i o n  o f  BUP a t  
a c o n s t a n t  [Q h ]/[R D ] r a t i o .  T h i s  a t t a c k  becomes im p o r t a n t  f o r  c o n ­
c e n t r a t i o n s  o f  BUP g r e a t e r  t h a n  0 . 0 3  M i n  c y c lo h e x a n e  i n  w hich  a 
s m a l l  am ount o f  2 - m e t h y l - 2 - p r o p a n e t h i o l - d i  ( [ Q h ] / [ r d ]  = 20 ) i s  p r e ­
s e n t  a s  a d e u t e r iu m  d o n o r .  When t h e  t h i o l  c o n c e n t r a t i o n  i s  i n ­
c r e a s e d  t o  [QH] = [R D ], h o w e v e r ,  a t t a c k  on BUP by th e  h y d ro g e n  a tom  
re m a in s  u n im p o r t a n t  up t o  0 . 3  H BUP. I t  i s  m os t l i k e l y  t h a t  a b s t r a c ­
t i o n  from  BUP o c c u r s  p r e d o m in a n t ly  a t  th e  fo rm y l m o ie ty ,  s i n c e  th e  
r a t e  c o n s t a n t  f o r  a b s t r a c t i o n  o f  a n  a l d e h y d e - t y p e  h y d ro g e n  by a 
h y d ro g e n  a tom  i s  102 -1 0 3 t im e s  l a r g e r  th a n  t h a t  from  a t e r t - b u t y l  
s u b s t i t u e n t . 7 T h is  mode o f  in d u c e d  d e c o m p o s i t i o n  o f  BUP i s  u n iq u e  
f o r  p e r e s t e r s  o r  p e r o x i d e s .
K i n e t i c  a n a l y s i s  o f  e q s  6 - 8  l e a d s  t o  eq 9- S te p  5 h a s  been
o m i t t e d  i n  t h i s  a n a l y s i s  s i n c e  i t s  c o n t r i b u t i o n  t o  h y d ro g e n  fo rm a­
t i o n  i s  n e g l i g i b l e  f o r  [BUP] = 0 . 0 2  H ,  bhe c o n c e n t r a t i o n  u s e d  i n  
th e  r u n s  f ro m  w h ic h  r e l a t i v e  kjj v a l u e s  w ere  o b t a i n e d .  Thus a p l o t
( 9 )
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o f  [ h 2 ] / [ h d ]  a g a i n s t  [Q h ]/[R D ] s h o u ld  g iv e  a s t r a i g h t  l i n e  w i t h  a 
s l o p e  o f  k n / k a  and  a n  i n t e r c e p t  o f  k 7 / k s . We found  t h a t  a l i n e a r  
r e l a t i o n s h i p  e x i s t e d  o v e r  a [Q h ] /[R D ] r a n g e  o f  0 - 1 8  f o r  a l l  compounds 
s t u d i e d  ( s e e  T a b le  I I  and F i g u r e s  1 - 3 ) -  L i n e a r i t y ,  o f  c o u r s e ,  i s  a 
n e c e s s a r y  b u t  n o t  s u f f i c i e n t  c o n d i t i o n  t h a t  m ust be met i f  t h e  p r o ­
p o sed  m echanism  i s  v a l i d .
In  t h e  k i n e t i c  r u n s  2 - m e t h y l - 2 - p r o p a n e t h i o l - d i  was u se d  a s  t h e  
s t a n d a r d  r e a c t a n t  RD, s i n c e  t h i o l s  c a n  be d e u t e r a t e d  e a s i l y  by e x ­
ch an g e  w i t h  D20 t o  g iv e  a v e r y  r e a c t i v e  d e u te r iu m  d o n o r .  I t  s h o u ld  
be p o i n t e d  o u t  t h a t  t h e  e a s y  d e u t e r a t i o n  o f  t h i o l s  can  be a d i s ­
a d v a n ta g e  a s  w e l l  i n  t h a t  QH compounds w i th  e x c h a n g e a b le  h y d ro g e n s  
m ust be  d e u t e r a t e d  a l s o  t o  p r e v e n t  d i l u t i o n  o f  th e  d e u te r iu m  i n  th e  
t h i o l .  I n  t h e o r y  an y  d o n o r  w i t h  s u i t a b l y  r e a c t i v e  d e u te r iu m s  c o u ld  
be u s e d .  V a r io u s  o t h e r  d e u t e r a t e d  s o l v e n t s  ( e . £ . , benzene-c l6 , 
a c e t o n e - ^ 6 , c h lo ro fo rm -d p . , and  t o l u e n e - a , a , a - c [ 3 ) w ere  t e s t e d  f o r  u s e  
a s  t h e  s t a n d a r d  r e a c t a n t  RD, b u t  none was s u f f i c i e n t l y  r e a c t i v e  as  
a d e u t e r iu m  d o n o r .  The ru n s  w ere  made i n  P y re x  a m p o u le s ,  and 
3000  S - r e g i o n  lam ps w e re  u s e d  f o r  i r r a d i a t i o n * ,  u n d e r  t h e s e  c o n d i ­
t i o n s  p h o t o l y s i s  o f  t h i o l - c l  t o  g i v e  D2  (and  some HD and H2 ) was 
n e g l i g i b l e . 8
T a b le  I I I  shows a c o m p a r iso n  o f  o u r  r e s u l t s  w i t h  t h o s e  o b t a i n e d  
by o t h e r  m e th o d s . s a “ c The a g re e m e n t  i s  g e n e r a l l y  g o o d , w i t h  th e  
e x c e p t i o n  o f  t h e  r a d i o l y s i s  v a l u e s  f o r  e t h y l  and i s o p r o p y l  a l c o h o l s .  
T h is  d i s c r e p a n c y  was p r e v i o u s l y  m e n tio n e d  ( s e e  P a r t  I I ,  C h a p te r  l )  
i n  c o n n e c t i o n  w i t h  t h e  d i s c u s s i o n  o f  t h e  t h i o l  sy s te m s  a s  a s o u r c e  
o f  h y d ro g e n  a to m s .  I t  w ou ld  a p p e a r  t h a t  t h e  r a d i o l y s i s  v a l u e s  f o r
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T a b le  I I .  R e l a t i v e  R e a c t i v i t i e s  o f  A lk a n e s ,  A lc o h o ls  and E t h e r s  
Toward th e  H ydrogen Atom
R e l a t i v e
QH [QH]/ [ t e r t - BuSD] [H2 ]/[H D ] R e a c t i v i t y
Hexane 0 0 .1 4 2  (1)
C yc lohexane  2 .8 6  0 .2 9 9  1 .4
2 , 3 - D im e th y lb u ta n e  2 .4 2  0 .3 1 1  2 .1
1 .1 3 0 .1 7 9
2 .0 9 0 .2 1 7
3 .7 0 0 .2 8 1
6 .0 3 0 .3 6 0
8 .1 4 0 .4 6 6
1 0 . 2 0 .5 0 4
1 2 .3 0 .6 0 3
1 4 .5 0 .6 6 9
1 6 .2 0 .7 7 4
1 7 .6 0 .8 0 5
5 .7 1 0 .4 2 8
8 .5 0 0 .6 0 1
1 1 . 2 0 .7 1 4
1 3 .9 0 .8 9 8
1 6 .8 1 . 0 2
5 .3 6 0 .5 2 8
8 .7 3 0 .8 2 9
1 2 . 8 1 .1 8
1 7 .1 1 .4 8
3 .1 0 0 .4 4 4
6 .3 2 0 .7 5 6
1 1 .3 1 .2 9
1 7 .5 1 .8 4
2 .9 4 0 .1 4 6
6 . 1 2 0 .1 5 4
9 .5 8 0 .1 5 3
1 3 .0 0 .1 7 2
1 7 .3 0 .1 7 8
2 .1 6 0 .1 6 0
4 .6 8 0 .2 0 8
7 .6 5 0 . 2 2 1
1 0 .7 0 .2 8 4
1 3 .6 0 .3 0 0
1 7 .1 0 .3 5 4
D odecane   2 .6
t e r t - B u t y l  a l c o h o l    0 .0 5
M eth y l a l c o h o l   .  0 .3 4
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T a b le  I I ,  c o n t i n u e d .  
QH
E t h y l  a l c o h o l  
I s o p r o p y l  a l c o h o l
p -D io x a n e  
D i i s o p r o p y l  e t h e r  
T e t r a h y d r o f u r a n








7 .6 0  
10.6
1 3 .4  
1 7 .2
2 .6 1  












8 . 2 2
10 .8
1 4 .0
[h2 ] / [ hd]
0 .259
0 .4 2 6
0 .6 5 1
0 .7 9 8
1 .0 3
0 .3 2 9
0 .5 6 8
0 .9 0 4
1 .1 6
1 .4 3  
1 .8 5
0 .3 4 6
0 .6 4 8
0 .9 2 2
1 .1 6
1 .5 4











R e l a t i v e






Figure 1. Plot of Eq 9 for the Alkane Series
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[h2 ] / [ h d ]
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Figure 3. Plot of Eq 3 for the Ether Series
Table III. Relative Values of in Eq 6 for Various Hydrogen Donors
System
QH BUP T h i o l - d 3 T h io l-_ tb
Q
R a d i o l y s i s
Hexane (1) (1) (1) (1)
Dodecane 2 .6 2 .3 2 .0 -
C yclohexane 1 .4 1 .2 1 .1 1 .4
2 , 3 -D im e th y lb u ta n e 2 .1 2 .2 2 .1 3 .2
t e r t - B u t y l  a l c o h o l 0 .0 5 0 .0 3 0 .1 0 .0 3
M ethy l a l c o h o l 0 .3 4 0 .4 2 0 .4 3 0 .4 2
E th y l  a l c o h o l 1 .4 1 .2 0 .8 6 4 .2
I s o p r o p y l  a l c o h o l 2 .6 1 .9 1 .8 1 3 .0
j>-Dioxane 2 .2 3 .0 1 .2 1 .4
D i i s o p r o p y l  e t h e r 4 .9 4 .8 2 .1 -
T e t r a h y d r o f u r a n 8 .2 9 .1 - 7 .7
a E i t h e r  2 -m eth y l- - 2 - p r o p a n e t h i o l - d  o r t h i o p h e n o l - d  g iv e s t h e  same
v a l u e ;  d a t a  o f  W.A. P r y o r ,  J . P . S t a n l e y and M. G r i f f i t h , S c ie n c e ,
169 , 181 (1 9 7 0 ) .  b T h io p h en o l-J :  was u s e d ;  s e e  W. A. P r y o r ,  T. H. L in
£
and J .  P .  S t a n l e y ,  i n  p r e p a r a t i o n .  Taken from  a c o m p i l a t i o n  o f  d a t a
i n  W. A. P r y o r  and J .  P .  S t a n l e y ,  J .  Amer. Chem. S o c . , 9 3 , i n  p r e s s .
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e t h y l  and i s o p r o p y l  a l c o h o l  a r e  n o t  a r t i f a c t s ,  s i n c e  t h e y  h a v e  b een  
r e p r o d u c e d  i n  s e v e r a l  d i f f e r e n t  l a b o r a t o r i e s .  However ,  we f e e l  
t h a t  t h e r e  i s  s t r o n g  e v i d e n c e  t h a t  t h e  r e s u l t s  f rom  t h e  BUP and 
t h i o l  s y s t e m s  may be c o r r e c t  and t h e  r a d i o l y s i s  v a l u e s  i n c o r r e c t .
T h i s  a rg u m e n t  i s  b a s e d  on t h e  i n t e r n a l  c o n s i s t e n c y  o f  th e  d a t a .  As 
T a b le  IV sh o w s , t h e  1 ° : 2 °  r e a c t i v i t y  r a t i o  f o r  h y d ro g e n s  a  t o  an  
oxygen  i s  1 :~3> w i t h  t h e  e x c e p t i o n  o f  th e  v a l u e s  f o r  t e t r a h y d r o f u r a n  
as  m easu red  by a l l  m e thods  and  t h e  r a d i o l y s i s  v a l u e  f o r  e t h y l  
a l c o h o l .  S i m i l a r l y ,  t h e  1 ° : 3 °  s e l e c t i v i t y  i s  a b o u t  1 : 1 6 ,  w i t h  th e  
e x c e p t i o n  o f  t h e  r a d i o l y s i s  v a l u e  f o r  i s o p r o p y l  a l c o h o l ,  i n  w h ich  
c a s e  th e  r a t i o  i s  1 : 9 2 .  The v a l u e  o f  92  a p p e a r s  t o  be u n r e a s o n a b ly  
l a r g e ,  and i f  o m i t t e d ,  a s e l e c t i v i t y  o f  1 ° : 3 °  = 1 : ^ 6  i s  o b t a i n e d . 9 ^ 
T u rn in g  a g a i n  t o  th e  1 ° : 2 °  s e l e c t i v i t y ,  we s e e  t h a t  a r a t i o  o f  
l : rol 5  i s  u n t e n a b l e ,  i f  t h e  1 ° : 3 °  r a t i o  i s  1 :~ 1 6 .  On th e  o t h e r  h a n d ,  
1 ° : 2 °  = 1 :~ 3  i s q u i t e  r e a s o n a b l e .  The s e l e c t i v i t y  p r o f i l e  1 ° : 2 0 :3 °  = 
l : ro3 :r'Jl 6 i s  i n t e r n a l l y  c o n s i s t e n t  w i t h  t h e  m a j o r i t y  o f  d a t a ,  and i t  
a p p e a r s  t h a t  t h e  e n h an c ed  r e a c t i v i t i e s  o f  t e t r a h y d r o f u r a n  (f ro m  th e  
t h r e e  s y s t e m s )  and o f  e t h y l  and i s o p r o p y l  a l c o h o l s  ( f ro m  r a d i o l y s i s )  
a r e  s p u r i o u s l y  l a r g e .  I t  i s  t e m p t i n g ,  p e r h a p s ,  t o  a t t e m p t  t o  
r a t i o n a l i z e  t h e  h ig h  v a l u e  f o r  t e t r a h y d r o f u r a n  on t h e  b a s i s  t h a t  
th e  h y d ro g e n s  t o  t h e  oxygen  c o n t r i b u t e  a p p r e c i a b l y  t o  t h e  o v e r a l l  
r e a c t i v i t y .  I t  i s  u n l i k e l y  t h a t  r e a c t i o n  w i t h  t h e  ^ -h y d r o g e n s  i s  
i m p o r t a n t ,  s i n c e  t h e  p r e s e n c e  o f  an  oxygen  a c t i v a t e s  a n  a - h y d r o g e n  
by a f a c t o r  o f  5 -1 0  (com pared  t o  t h e  r e a c t i v i t y  o f  a h y d ro g e n  a  to  
a c a r b o n ) ,  b u t  a p p a r e n t l y  d o e s  n o t  e n h a n c e  t h e  £ - h y d r o g e n  r e a c t i v i t y  
t o  any  g r e a t  e x t e n t . 93 A l s o ,  i t  i s  n o t  p o s s i b l e  t o  e x p l a i n  th e
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T a b le  IV. C om parison  o f  t h e  R e l a t i v e  R e a c t i v i t i e s  o f  A lc o h o ls  and 
E t h e r s  Toward t h e  Hydrogen Atom
System
QH3 BUP T hio l--d b T h i o l - t ° R a d i o l y s i s ^
p r im a r y  h y d ro g e n  a to  < ean oxygen
ch3oh (1) (1) (1) (1)
s e c o n d a ry  h y d ro g e n  a to ean  oxygen
hoch2ch2oh - - - 3 .8
/ —  — V
och2ch2och2ch2 2 .0 2 .7 1 .1 1 .2
CH3CH2OH 4 .9 4 .2 3 .0 1 4 .3
/ \
OCH2CH2CH2CH2 1 4 .8 1 6 .5 - 1 4 .0
t e r t i a r y  h y d ro g e n  a to
ean  oxygen
(CH3) 2CHOH 1 9 .3 1 4 .1 1 3 .3 9 2 .0
[ ( ch3) 2c h ] 2o 1 7 .7 1 7 .4 - -
(HOCH2) 2CHOH - - - 1 7 .0
HOCH2 (CHOH)4CHO - - - 1 5 .8
S i *Only t h e  h y d ro g e n s  u n d e r l i n e d  a r e  assum ed to  c o n t r i b u t e  s i g n i f i ­
c a n t l y  to  t h e  o v e r a l l  r e a c t i v i t y .  ^W. A. P r y o r  and J .  P .  S t a n l e y ,  JL 
Amer. Chem. S o c . , 9 3 , i n  p r e s s .  CW. A. P r y o r ,  T. H. L in  and J .  P .
S t a n l e y ,  i n  p r e p a r a t i o n .  ^Taken from  a  r e v ie w  by M. Anbar and P. N e ta ,
I n t .  J .  A p p l.  R a d i a t .  I s o t o p . , 1 8 , 493 ( 1 9 6 7 ) .  On a  p e r  h y d ro g e n
b a s i s .
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t e t r a h y d r o f u r a n  r e s u l t s  i n  t e r m s  o f  r i n g  s i z e ,  s i n c e  t h e  r e a c t i v i t y  
o f  c y c l o p e n t a n e  i s  n o t  s i g n i f i c a n t l y  g r e a t e r  t h a n  t h a t  o f  h e x a n e ,  
p e n t a n e  o r  c y c l o h e x a n e . 9 a »9C
BUP-BENZENE SYSTEM
The r e a s o n a b l e n e s s  an d  a g r e e m e n t  o f  o u r  r e s u l t s  w i t h  t h o s e  o b ­
t a i n e d  by o t h e r  m e th o d s  d o e s  n o t ,  o f  c o u r s e ,  p r o v e  t h e  p r e s e n c e  o f
h y d r o g e n  a to m s  i n  o u r  s y s t e m ,  a l t h o u g h  t h i s  i n t e r p r e t a t i o n  i s  c l e a r l y  
t h e  s i m p l e s t  a n d  m o s t  a t t r a c t i v e .  O t h e r  s u g g e s t i o n s  c o u l d  be  made 
t o  e x p l a i n  t h e  f o r m a t i o n  o f  h y d r o g e n  g a s .  F o r  e x a m p l e ,  i t  i s  p o s s i b l e  
t h a t  an -  a s  y e t  unknown t y p e  o f  p h o t o l y t i c  i n t e r a c t i o n  b e tw e e n  t h e  
t h i o l  a n d  BUP c o u l d  be  r e s p o n s i b l e  f o r  some o f  t h e  H2  o r  H D .1 0  To 
t e s t  t h i s  h y p o t h e s i s  we d e v e lo p e d  a t h i o l - f r e e  p e r e s t e r - b e n z e n e  
s y s t e m .  The p e r t i n e n t  r e a c t i o n s  a r e  g i v e n  i n  e q s  1 0 - 1 3 .
BUP ft— > H* +  o t h e r  p r o d u c t s  ( 1 0 )
kti
H* +  QH ------------ > H2  +  Q* ( 1 1 )
H- +  PhH > H2  +  Ph- ( 1 2 )
kl3  \H- +  PhH ------------ > PhH2 - ( 1 3 )
w h e re  PhH2 '  i s  t h e  r a d i c a l  r e s u l t i n g  w hen  a  h y d r o g e n  a to m  a d d s  t o  
t h e  b e n z e n e  r i n g ,  an d  t h e  o t h e r  s y m b o ls  h a v e  t h e i r  u s u a l  m e a n in g .
T h i s  s y s t e m  i n v o l v e s  a c o m p e t i t i o n  b e tw e e n  QH an d  b e n z e n e  f o r  h y d r o ­
g e n  a to m s .  The r a t e  o f  h y d r o g e n  g a s  f o r m a t i o n  i s  g i v e n  i n  e q  l k .
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— = [ H - ] ( k H[QH] +  k i 3 [P h H ])  ( U )
I f  §1  i s  t h e  r a t e  o f  f o r m a t i o n  o f  h y d ro g e n  a to m s ,  th e n  s t e a d y  s t a t e  
t r e a t m e n t  i n  H -a tom s g iv e s  eq  I 5 . S u b s t i t u t i o n  o f  eq 15  i n t o  eq Ik
Ch-;1 ■ khCqhI  '  / '  k i'sC F h H  (1 5 )
g i v e s  eq  1 6 .  S in c e  k x 3 i s  1 0 -1 0 3 t im e s  l a r g e r  t h a n  k g , 12  th e n
■afag] «  f I  +  ki a [ phH:| (1 6 )
d t  kn[QHj +  k i 3[phH ] V )
f o r  [QH] ^  [ P h H ] , eq  16 becomes
_1 i&d = ki2 CsbL (17)
S i  d t  k i 3  k i 3 [phH j  ̂ u
I n t e g r a t i o n  o f  eq  l j  (a s su m in g  low c o n v e r s i o n s )  g i v e s  eq  1 8 .
I s a l = S is  + Js. caaL (i8)
S i t  k i 3  k i 3  [PhH]
w h ere  I t  = f*" I d t ,  i . e . ,  th e  t o t a l  am ount o f  l i g h t  a b s o rb e d  by th e
0 o
s a m p le .  I n  p r a c t i c e ,  [H2 ] / $ I t  w as a s s i g n e d  a n  a r b i t r a r y  v a lu e  o f  
one f o r  [Q H ]/[P hH ] = 0 ;  i n  t h i s  way t h e  s t a b i l i t y  o f  th e  lam ps was 
rem oved a s  a v a r i a b l e .  Thus a p l o t  o f  r e l a t i v e  H2 y i e l d  a g a i n s t
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CQh3/[PhHl s h o u ld  g iv e  a l i n e  w i t h  a s l o p e  t h a t  i s  p r o p o r t i o n a l  to  
k jj .  H ow ever, c u r v a t u r e  i n  t h e  l i n e  s h o u ld  a p p e a r  when [QH] >  [P hH ].  
T h is  d e v i a t i o n  i n  l i n e a r i t y  i s  e x p e c t e d ,  s i n c e  t h e  f a c t o r  IcjjCqh] i n  
t h e  d e n o m in a to r  on t h e  r i g h t  hand  s i d e  o f  eq  16 becomes i m p o r t a n t ,  
t h e r e b y  e l i m i n a t i n g  u s e  o f  th e  s i m p l i f i c a t i o n  n e c e s s a r y  t o  o b t a i n  
eq s  I 7  and  1 8 .
The sa m p le s  w ere  i r r a d i a t e d  f o r  an  h o u r ,  and th e  r e l a t i v e  h y d ro ­
gen  y i e l d s  w ere  d e te rm in e d  by mass s p e c t r o m e t r y .  T a b le  V g iv e s  th e  
d a t a ,  and F ig u r e  k shows a p l o t  o f  r e l a t i v e  h y d ro g e n  y i e l d  v s .  
[ H e x a n e ! / [ PhH] o v e r  th e  e n t i r e  r a n g e  f ro m  n e a t  b en ze n e  t o  e s s e n t i a l l y  
n e a t  h e x a n e .  I n i t i a l l y  t h e  s l o p e  i s  c o n s t a n t ,  b u t  f o r  [H e x a n e ] /
[PhH] >  2 ,  c u r v a t u r e  becomes a p p a r e n t .  The r e l a t i v e  r e a c t i v i t i e s  
o f  r e p r e s e n t a t i v e  h y d ro g e n  d o n o rs  w ere  d e te rm in e d  u s in g  t h e  BUP- 
b en ze n e  s y s te m ;  th e  r e s u l t s  a r e  shown i n  T a b le  VI and F ig u r e  5 •
A c o m p a r is o n  o f  th e  r e s u l t s  f ro m  th e  BU P-benzene s y s te m  w i t h  
t h o s e  f ro m  t h e  B U P -th io l-d^  s y s te m  i s  g iv e n  i n  T a b le  V I I .  The a g r e e ­
ment i s  r a t h e r  good o v e r  a 102 r a n g e  o f  r e a c t i v i t i e s ,  th e  o n ly  ex ­
c e p t i o n  b e in g  th e  v a l u e  f o r  t e t r a h y d r o f u r a n .  As was d i s c u s s e d  
e a r l i e r  i n  t h i s  c h a p t e r ,  t h e  r e a c t i v i t y  o f  t e t r a h y d r o f u r a n  as  
m e asu re d  by  t h e  o t h e r  m ethods i s  c o n s i d e r a b l y  l a r g e r  th a n  t h a t  p r e ­
d i c t e d  f o r  a compound h a v i n g  f o u r  h y d ro g e n s  a  t o  an  o xygen .  The 
v a l u e  d e t e r m in e d  i n  t h e  BU P-benzene s y s te m  i s  much more r e a s o n a b l e ,  
g i v i n g  a p e r  h y d ro g e n  r e a c t i v i t y  o f  k .2  com pared  to  a m e th y l -  
h y d ro g e n  i n  m e th y l a l c o h o l  ( s e e  T a b le  IV ) .
T h a t  t h e  h y d r o x y l  h y d ro g e n s  i n  t h e  a l c o h o l s  a r e  u n r e a c t i v e  
tow ard  th e  h y d ro g e n  a tom  was d e m o n s t r a te d  by two c o n t r o l
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T a b le  V. R e l a t i v e  Y i e l d s  f o r  V a r io u s  R a t io s  o f  [H e x a n e ] / [PhH] in  
th e  BUP-Benzene System
No. [H ex an e ] / [PhH] R e l a t i v e  ^  Y ie ld
1 0 (1)
2 0 .0 6 2 1 .1 0
3 0 .1 4 1 1 .3 3
4 0 .2 2 6 1 .4 2
5 0 .3 9 1 1 .6 6
6 0 .4 5 8 1 .9 1
7 0 .5 7 5 2 .0 3
8 0 .6 8 0 2 .2 4
9 0 .6 8 0 2 .3 2
10 0 .8 4 1 2 .6 1
11 0 .9 2 7 2 .7 3
12 1 .1 4 3 .0 5
13 4 .2 5 7 .4 3
14 1 0 .1 1 0 .6
15 1 0 .1 1 1 .2
16 2 6 .4 1 4 .3
17 2 6 .4 1 4 .7
18 5 3 .8 1 9 .8
19 5 3 .8 2 0 .5
20 128. 2 3 .5
21 128. 23 .9
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Figure 4. Relative Yield vs. [Hexane]/[PhH]
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Table VI. Relative H
QH
t e r t - B u ty l  a l c o h o l
M eth y l a l c o h o l
E t h y l  a l c o h o l
T e t r a h y d r o f u r a n
2 , 3 -D im e th y lb u ta n e
I s o p r o p y l  a l c o h o l
2 Yields for Various Ratios of [QH]/[PhH]
R e l a t i v e  R e l a t i v e
[QH]/ [PhH] H2 Y i e l d 3 S lo p e b
0 .1 9 0 0 .9 9 0 .0 3
0 .2 9 2 1 .0 6
0 .3 8 8 1 .0 3
0 .5 6 0 1 .0 4
0 .6 6 7 1 .0 8
0 .8 1 8 1 .1 1
0 .1 6 3 1 .1 2 0 .3 9
0 .3 3 1 1 .2 6
0 .5 4 8 1 .3 7
0 .6 8 7 1 .4 6
0 .7 9 0 1 .5 9
0 .1 1 7 1 .3 0 1 .5
0 .2 8 3 1 .8 2
0 .5 2 2 2 .4 3
0 .6 1 4 2 .7 6
0 .7 2 6 3 .0 1
0 .1 3 3 1 .5 1 2 .2
0 .2 2 6 1 .9 4
0 .2 9 9 2 .3 3
0 .3 9 6 2 .5 3
0 .4 9 0 3 .0 3
0 .5 9 6 3 .3 2
0 .1 5 5 1 .6 2 2 .4
0 .2 8 8 2 .3 1
0 .4 2 4 2 .9 2
0 .5 7 7 3 .5 0
0 .0 8 0 1 .4 2 2 .8
0 .1 7 8 1 .9 7
0 .3 1 5 2 .6 2
0 .3 9 3 3 .0 2
0 .4 5 4 3 .4 3
ci bThe H. y i e l d  i n  n e a t  b e n z e n e  i s  s e t  e q u a l  to  o n e .  The s l o p e  
f o r  h e x a n e  i s  s e t  e q u a l  to  one.
1 0 k
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Table VII. Relative Values of in Eq 6 for Various Hydrogen Donors
System
QH BUP-Benzene B U P -T h io l-d
Hexane (1) (1)
t e r t - B u t y l  a l c o h o l 0 .0 3 0 .0 5
M ethy l a l c o h o l 0 .3 9 0 .3 4
E t h y l  a l c o h o l 1 .5 1 .4
I s o p r o p y l  a l c o h o l 2 .8 2 .6
2 , 3 -D im e th y lb u ta n e 2 .4 2 .1
T e t r a h y d r o f u r a n 2 .2 8 .2
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e x p e r i m e n t s .  I n  t h e  f i r s t ,  BUP was p h o to ly z e d  i n  a l c o h o l - d ,  and th e  
n o n - c o n d e n s ib l e  gas  was ch ec k ed  f o r  HD. None was f o u n d ,  i n d i c a t i n g  
t h a t  e i t h e r  t h e  h y d ro x y l  h y d ro g e n  i s  u n r e a c t i v e ,  o r  t h a t  t h e r e  i s  a 
v e r y  l a r g e  d e u te r iu m  i s o t o p e  e f f e c t  on t h e  a b s t r a c t i o n .  I n  t h e  
seco n d  and  more c o n c l u s i v e  e x p e r i m e n t ,  t h e  r e a c t i v i t y  o f  a l c o h o l - c l  
was found  t o  be i d e n t i c a l  w i t h  t h a t  o f  a l c o h o l .  T hese  c o n t r o l s  show 
t h a t  th e  r e a c t i v i t y  o f  an  a l c o h o l  tow ard  th e  h y d ro g e n  a tom  i s  due 
e n t i r e l y  t o  th e  a l k y l  g r o u p .14
A s o u r c e  o f  c o n c e r n  i n  t h e  BU P-benzene s y s te m  i s  th e  f a t e  o f  
t h e  c y c l o h e x a d i e n y l  r a d i c a l s  form ed by a d d i t i o n  o f  h y d ro g e n  a tom s to  
b e n z e n e .  I n  o r d e r  f o r  t h e  k i n e t i c  e q u a t i o n  (eq  1 8 )  t o  be v a l i d ,  i t  
i s  n e c e s s a r y  t h a t  th e  r e a c t i o n  o f  H -atom s w i t h  e i t h e r  th e  c y c l o ­
h e x a d i e n y l  r a d i c a l  o r  i t s  d im e r ,  d ih y d r o b ip h e n y l  (a v e r y  good 
h y d ro g e n  d o n o r ) ,  be u n im p o r t a n t .  As a t e s t  f o r  th e  c o n t r i b u t i o n  o f  
t h e  f i r s t  p o s s i b i l i t y  t h e  l i g h t  f l u x  on t h e  sam p les  was v a r i e d  o v e r  
a r a n g e  o f  a b o u t  2 0 .  H ig h e r  r a d i c a l  c o n c e n t r a t i o n s  w ould  be a s s o c ­
i a t e d  w i t h  a h i g h e r  f l u x ,  and th e  h y d ro g e n  a to m - c y c lo h e x a d ie n y l  
r a d i c a l  r e a c t i o n  s h o u ld  be more i m p o r t a n t .  H ow ever, l i g h t  f l u x  d id  
n o t  a f f e c t  th e  r e s u l t s .  The seco n d  p o s s i b i l i t y ,  r e a c t i o n  o f  t h e  
H -a to m  w i t h  d ih y d r o b i p h e n y l ,  was p ro b ed  by v a r y in g  t h e  c o n v e r s io n  
o f  r e a c t i o n .  A g a in ,  no  d i f f e r e n c e  was n o te d  o v e r  a f i v e - f o l d  change  
i n  e x t e n t  o f  c o n v e r s i o n .  N e v e r t h e l e s s ,  p o s s i b l e  c o m p l i c a t i o n s  w ere  
m in im ized  by k e e p in g  th e  c o n v e r s i o n  i n  k i n e t i c  r u n s  t o  l e s s  th a n  0 . 5 $ .
The r e s u l t s  from  t h e  BUP-benzene s y s te m  i n d i c a t e  t h a t  p h o t o l y -  
t i c  i n t e r a c t i o n  b e tw e e n  BUP and t h i o l  i s  n o t  a v i a b l e  a l t e r n a t i v e .
The r e a c t i v i t y  o f  t e t r a h y d r o f u r a n  o b s e rv e d  i n  t h i s  s y s te m  i s  much
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lo w er  th a n  t h a t  p r e v i o u s l y  r e p o r t e d .  The r e a s o n  f o r  t h i s  d i s c r e p a n ­
cy  i s  n o t  o b v io u s .  One s u g g e s t i o n  m ig h t  be t h a t  some a d v e n t i t i o u s  
h y d ro g e n  d o n o r  i s  formed from  a m o le c u le  o f  t e t r a h y d r o f u r a n  t h a t  h a s  
l o s t  a h y d ro g e n  a tom . T h is  do n o r  i s  sc a v e n g e d  by b e n ze n e  i n  t h e  
BUP-benzene s y s te m ,  b u t  r e a c t s  w i t h  H -a tom s i n  th e  o t h e r  s y s t e m s .  
T h is  p o s s i b i l i t y  i s  u n l i k e l y  s i n c e  c o n v e r s io n s  i n  t h e  B U P - th io l - j i  
s y s te m  w ere  k e p t  t o  l e s s  th a n  0.5$>; f o r  t h i s  do n o r  t o  com pete  s u c ­
c e s s f u l l y  w i t h  i t s  p a r e n t  c o m p o u n d ( t e t r a h y d r o f u r a n ) , i t  w ould  have  
t o  be r e a c t i v e  enough t o  overcom e a minimum c o n c e n t r a t i o n  d e f i c i t  
o f  more th a n  1 0 0 .  No o r g a n i c  h y d ro g e n  d o n o r  m easu red  t o  d a t e  even  
a p p ro a c h e s  t h i s  v a l u e .  A t p r e s e n t  t h e r e  does  n o t  a p p e a r  t o  be an  
e n t i r e l y  s a t i s f a c t o r y  e x p l a n a t i o n  f o r  t h e  d i s a g r e e m e n t .
R u s s e l l 15 found  t h e  c h l o r i n e  a tom  t o  be more s e l e c t i v e  i n  
s o l v e n t s  t h a t  com plex  t h i s  r a d i c a l  ( e . £ . , b en ze n e  and c a rb o n  d i s u l ­
f i d e )  th a n  i n  c a rb o n  t e t r a c h l o r i d e ,  a n o n -c o m p le x in g  s o l v e n t .  Our 
r e s u l t s ,  though  n o t  d e f i n i t i v e ,  i n d i c a t e  t h a t  such  b e h a v io r  may be 
found  i n  th e  r e a c t i o n s  o f  th e  h y d ro g e n  a tom  as  w e l l ,  though  th e  
e f f e c t  i s  much l e s s  p ro n o u n ced  th a n  f o r  t h e  c h l o r i n e  a tom .
RHO-VALUE FOR HYDROGEN ABSTRACTION FROM SUBSTITUTED TOLUENES
A n o th e r  s u g g e s t i o n  t o  e x p l a i n  t h e  H2 and HD f o r m a t io n  i n  th e  
p h o t o l y s i s  o f  BUP i n  a s o l u t i o n  o f  QH and  RD i s  t h a t  a p h o t o e x c i t e d  
BUP s p e c i e s  a b s t r a c t s  H(D) a tom s from  QH(RD) and t h e n  e l i m i n a t e s  
H2 (HD). H ydrogen  a b s t r a c t i o n  by p h o t o e x c i t e d  c a r b o n y l  g ro u p s  i s  
w e l l  know n;3 *16-21  h o w e v e r ,  t h i s  m echanism  i s  c o n t r a i n d i c a t e d  by 
th e  f a c t  t h a t  fo rm ic  a c i d ,  o x a l i c  a c i d  and  e t h y l  f o rm a te  a l l  f a i l  
t o  g iv e  H2 upon i r r a d i a t i o n  u n d e r  t h e  c o n d i t i o n s  u se d  t o  p h o to ly z e
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BUP. A l s o ,  a s  was p o i n t e d  o u t  e a r l i e r  i n  t h i s  c h a p t e r ,  S h e ld o n  and 
K o ch i43 h a v e  found  t h a t  p e r e s t e r s  o f  t h e  ty p e  RC03R ' , w here  R i s  an  
a l k y l  g r o u p ,  g iv e  R* when p h o t o l y z e d ;  t h e  p h o t o l y s i s  o f  H-C02 - 
0C(CH3 )3 to  g i v e  H* and R-C02 -0C(CH3 )3 t o  g iv e  R* seems q u i t e  a n a l ­
o g o u s .  I n  a n  a t t e m p t  t o  e l u c i d a t e  th e  m echanism  o f  f o r m a t io n  o f  H2 
a r i s i n g  from  th e  p h o t o l y s i s  o f  BUP ( t h a t  i s ,  w h e th e r  h y d ro g e n  i s  
a b s t r a c t e d  by t h e  H -a to m  o r  p h o t o e x c i t e d  p e r e s t e r ) ,  we u n d e r to o k  a 
s tu d y  o f  t h e  p o l a r i t y  o f  t h e  a b s t r a c t i n g  s p e c i e s .
U s in g  m e ta - and  p a r a —s u b s t i t u t e d  t o l u e n e s  a s  s u b s t r a t e s ,  W a l l in g  
and G ib ia n 22 s t u d i e d  t h e  s e n s i t i v i t y  o f  t r i p l e t  benzophenone  to w ard  
e l e c t r o n  a v a i l a b i l i t y ,  and  found  a q u i t e  l a r g e  n e g a t i v e  Hammett 
P - v a l u e  f o r  h y d ro g e n  a b s t r a c t i o n  by th e  t r i p l e t  ( s e e  T a b le  V I I I ) .
The k e to n e  t r i p l e t  and a n  a lk o x y  r a d i c a l  a r e  s i m i l a r  b o th  th e rm o -  
c h e m ic a l ly  and e l e c t r o n i c a l l y , 22 and th e y  s h o u ld  behave  s i m i l a r l y .
As T a b le  V I I I  show s , t h e  p - v a l u e s  f o r  t h e  k e to n e  t r i p l e t  and  th e  
t e r t - b u to x y  r a d i c a l  a r e  b o th  a p p r e c i a b l y  n e g a t i v e ;  t h a t  i s ,  t h e s e  
r a d i c a l s  a r e  q u i t e  e l e c t r o p h i l i c . On th e  o t h e r  h a n d ,  t h e  m e th y l  and 
p h e n y l  r a d i c a l s ,  w h ich  s h o u ld  s e r v e  a s  good m odels  f o r  e s t i m a t i o n  o f  
th e  p o l a r i t y  o f  t h e  h y d ro g e n  a to m , a r e  c o n s i d e r a b l y  more e l e c t r o ­
n e u t r a l ,  a s  e v id e n c e d  by  t h e i r  s m a l l ,  n e g a t i v e  p - v a l u e s .  I f  p h o to ­
e x c i t e d  p e r e s t e r  i s  im p o r t a n t  i n  H2 f o r m a t i o n ,  i t  w ou ld  be e x p e c te d  
t h a t  t h e  p - v a l u e  f o r  h y d ro g e n  a b s t r a c t i o n  from  s u b s t i t u t e d  t o l u e n e s  
w ould  be on t h e  o r d e r  o f  - 1 ,  w h e re a s  i f  t h e  H -a tom  i s  th e  a b s t r a c t i n g  
s p e c i e s  a p - v a l u e  much s m a l l e r  ( - 0 . 1  t o  - 0 . 2 )  s h o u ld  be o b s e r v e d .
U sin g  t h e  B U P -th io l -c i  s y s t e m ,  we d e t e r m in e d  th e  r e l a t i v e  r e ­
a c t i v i t i e s  o f  v a r i o u s  s u b s t i t u t e d  t o l u e n e s .  The d a t a  a r e  shown in  
T a b le  IX and  p l o t t e d  i n  F i g u r e s  6 - 1 0 ,  and a summary o f  t h e  r e s u l t s
Table VIII. p-Values for Attack by Radicals on Substituted Toluenes
R a d ic a l  p - V a lu e a R e fe r e n c e
te r t-B u O * - 0 . 6 8 b
t e r t - B u O ■ - 0 . 6 0 c
te rt -B uO * - 0 . 8 3 d
Ph2C-0 - 1 . 1 6 e
Me* - 0 . 1 4 f
Ph- - 0 . 1 g
cL *4*The c o r r e l a t i o n  i s  w i th  o s u b s t i t u e n t  c o n s t a n t s .
^B. Kennedy and K. U. I n g o l d ,  Can. J .  Chem., 4 4 , 2381 
£
( 1 9 6 6 ) .  R. G i l l i o m  and B. Ward, J r . ,  J .  Amer. Chem. S o c . ,  
8 7 , 3944 ( 1 9 6 5 ) .  ^ C .W a ll in g  and B. B. Jacknow , i b i d . ,  8 2 ,
6113 ( 1 9 6 0 ) .  e C. W a l l in g  and M. G ib ia n ,  i b i d . ,  3361
( 1 9 6 5 ) .  ^W. A. P r y o r ,  U. T o n e l l a t o ,  D. F u l l e r  and S. Jumon-
v i l l e ,  J .  Org. Chem. , ^ 4 ,  2018 (1 9 6 9 ) .  ®R. F. B r id g e r  and
G. A. R u s s e l l ,  J .  Amer. Chem. S o c . ,  85 , 3754 (1 9 6 3 ) .
n o
T a b le  IX. R e a c t i v i t i e s  o f  S u b s t i t u t e d  B enzenes  and T o lu e n e s  Toward 
t h e  H ydrogen Atom





t e r t - B  u  ty  l b  en  z ene
l - t e r t - B u ty l - 4 - m e th y lb e n z e n e
Bromobenzene
2 .1 1 0 .1 9 4 0 .0 2 5
4 .6 6 0 .2 3 9
7 .3 2 0 .3 3 0
1 0 .2 0 .3 9 3
1 3 .2 0 .4 2 8
1 5 .8 0 .5 2 2
2 .6 4 0 .2 8 0 0 .0 5 7
5 .8 0 0 .4 8 3
8 .0 0 0 .5 9 4
1 0 .1 0 .7 3 8
1 3 .3 0 .8 8 1
1 6 .5 1 .1 0
2 .1 8 0 .3 4 2 0 .0 9 8
4 .6 9 0 .6 0 1
7 .4 1 0 .8 5 5
1 1 .0 1 .2 4
1 5 .5 1 .6 6
2 .6 3 0 .3 8 1 0 .0 9 7
5 .6 2 0 .6 7 4
8 .9 3 0 .9 9 7
1 2 .4 1 .3 5
1 6 .2 1 .6 9
2 .4 8 0 .2 7 2 0 .0 5 6
5 .7 3 0 .4 4 8
9 .9 6 0 .7 3 0
1 3 .7 0 .8 8 7
1 6 .4 1 .0 5
3 .2 1 0 .3 9 8 0 .0 8 9
6 .1 8 0 .7 1 3
9 .3 0 0 .9 6 6
1 2 .5 1 .2 3
1 6 .1 1 .6 2
4 .5 5 0 .2 5 0 0 .0 2 9
7 .8 4 0 .3 8 6
1 1 .4 0 .4 8 2




3 -B ro m o to lu en e 2 .8 9 0 .2 8 6
6 .1 0 0 .4 9 3
1 0 .4 0 .6 8 1
1 3 .1 0 .9 4 4
1 6 .7 1 .1 4
C h lo ro b e n z e n e 3 .0 3 0 .2 2 0
6 .6 9 0 .3 6 1
1 0 .1 0 .4 3 3
1 3 .2 0 .5 2 6
1 6 .5 0 .6 3 8
3 - C h lo r o t o lu e n e 3 .1 6 0 .3 2 8
6 .3 9 0 .5 4 0
8 .5 1 0 .6 6 2
1 1 .7 0 .8 5 5
1 6 .0 1 .1 9
4 - C h lo r o t o lu e n e 2 .2 2 0 .2 6 3
5 .4 0 0 .4 5 8
8 .7 5 0 .6 2 6
1 2 .4 0 .8 7 2
1 5 .9 1 .0 8
F lu o ro b e n z e n e 3 .29 0 .2 2 1
7 .6 4 0 .3 6 3
1 0 .0 0 .4 1 7
1 2 .1 0 .5 0 3
1 6 .4 0 .5 8 5
3 - F I u o r o t o l u e n e 2 .7 0 0 .2 7 8
5 .8 4 0 .4 8 2
9 .6 1 0 .6 5 4
1 2 .7 0 .8 3 9
1 6 .6 1 .1 1
S lo p e
0 .0 5 7
0 .0 3 0
0 .0 6 2
0 .0 5 9
0 .0 2 8
0 .0 5 6
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F ig u r e  7. P l o t  o f  Eq 9 f o r  t e r t - B u ty lb e n z e n e  and  l - t e r t - B u t y l - 4 -  
r a e th y l to lu e n e
01.02.0











Figure 8. Plot of Eq 9 for Bromobenzene and 3-Bromotoluene
01.02.0
[h2] / [ hd]
'®7/ <«sss-,
C h lo r o to lu e n e
C h l ° r o b e n z e n e
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Figure 10. Plot of Eq 9 for Fluorobenzene and 3-Fluorotoluene
o
01.02.0











T a b le  X. Summary o f  t h e  R e l a t i v e  R e a c t i v i t i e s  o f  S u b s t i t u t e d  B enzenes  
and T o lu e n e s  Toward t h e  Hydrogen Atom
R-
S lo p e 3 o f l i n e  f o r
R e l a t i v e
R a te *3 a +cR-PhCH3 R-Ph
H- 0 .0 5 7 0 .0 2 5 ( 1) 0
3-Me- 0 .0 9 8 0 .0 2 5 d 1 .1 5 - 0 .0 6 5
4-Me- 0 .0 9 7 0 .0 2 5 d 1 .1 2 - 0 . 3 1
4 - t e r t - B u - 0 .0 8 9 0 .0 5 6 1 .0 3 - 0 . 2 5
3 -B r- 0 .0 5 7 0 .0 2 9 0 .8 0 0 .4 0
3-C1 0 .0 6 2 0 .0 3 0 1 .0 0 0 .3 9
4-C 1- 0 .0 5 9 0 .0 3 0 0 .9 0 0 .1 1
3 -F - 0 .0 5 6 0 .0 2 8 0 .8 6 0 .3 5
a Taken from a  p l o t  o f  [ ^ 3 / [HD] v s . [ Q H ] / [ t e r t - B u S D ] . O b ta in e d
by s u b t r a c t i n g  t h e  v a l u e  o f  t h e  s l o p e  f o r  R-Ph from  t h a t  f o r  R-PhCH^; 
r e l a t i v e  to  t o l u e n e  on  a  p e r  h y d ro g e n  b a s i s .  H. C. Brown and Y. 
Okamoto, J .  O rg . Chem., 2 2 , 485 (1 9 5 7 ) .  dThe v a l u e  f o r  b e n z e n e  was
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i s  g iv e n  i n  T a b le  X. I n  o r d e r  t o  i s o l a t e  t h e  r e a c t i o n  o f  th e  h y d r o ­
gen  a tom  w i t h  t h e  s i d e  c h a i n  o f  th e  s u b s t i t u t e d  t o l u e n e s ,  a c o r ­
r e c t i o n  was made t o  e l i m i n a t e  th e  c o n t r i b u t i o n  o f  t h e  r i n g .  I n  each  
c a s e  t h e  r e a c t i v i t y  o f  R-Ph was s u b t r a c t e d  from  t h a t  o f  R-PI1CH3 .
The v a l u e  f o r  b e n z e n e 23  was u s e d  t o  c o r r e c t  t h e  r e a c t i v i t i e s  o f  th e  
x y l e n e s .  F ig u r e  11 shows th e  c  p p l o t 253  f o r  t h e  BUP p h o t o l y s i s  
s y s te m .  The p - v a l u e  i s  - 0 . 1 3  when cr"*" s u b s t i t u e n t  c o n s t a n t s 25^ a r e  
u s e d ;  th e  c o r r e l a t i o n  i s  p o o r e r  w i t h  o  s u b s t i t u e n t  c o n s t a n t s ,  b u t  
e v e n  th e n  p <  - 0 . 2 .  T h is  s m a l l ,  n e g a t i v e  p - v a l u e  i s  v e r y  s t r o n g  
e v id e n c e  t h a t  t h e  f o r m a t io n  o f  R2 i s  v i a  th e  h y d ro g e n  a tom  and n o t  
e x c i t e d  p e r e s t e r .
A l th o u g h  o t h e r  w o r k e r s 2 6 - 2 8  h a v e  r e p o r t e d  t h a t  th e  h y d ro g e n  
a tom  i s  e l e c t r o p h i l i c , t h e  p r e s e n t  w ork  i s  t h e  f i r s t  q u a n t i t a t i v e  
m easu rem en t o f  i t s  e l e c t r o p h i l i c i t y . A nbar2 6  found  t h a t  t h e  H -a tom  
a b s t r a c t s  th e  a - h y d r o g e n  on th e  c a r b o x y l a t e  io n  f a s t e r  th a n  t h a t  on 
t h e  c o r r e s p o n d i n g  a c i d .  A l s o ,  Anbar. e t  a I . 2 7  h av e  shown t h a t  
h y d ro g e n  a tom  a d d i t i o n  t o  t h e  a r o m a t i c  r i n g  i s  enh an ced  by e l e c t r o n  
d o n a t in g  s u b s t i t u e n t s  and  r e t a r d e d  by e l e c t r o n  w i th d r a w in g  s u b ­
s t i t u e n t s .  They o b t a i n e d  a p - v a l u e  o f  - 0 . 7  f o r  su c h  a d d i t i o n ,  b u t  
th e  s c a t t e r  o f  t h e i r  d a t a  i s  a p p r e c i a b l e ,  and a s s ig n m e n t  o f  a p p r o ­
p r i a t e  s u b s t i t u e n t  c o n s t a n t s  i s  d i f f i c u l t .  H ow ever, t h e i r  b a s i c  
c o n c l u s i o n ,  jjL.e.., t h a t  t h e  H -a to m  i s  an  e l e c t r o p h i l i c  s p e c i e s ,  i s  
v a l i d .  S a u e r  and Mani2 8  s t u d i e d  t h e  r a t e  o f  a d d i t i o n  o f  th e  h y d r o ­
gen  a tom  t o  m o n o s u b s t i t u t e d  b e n z e n e s ,  and o b t a i n e d  r e s u l t s  com­
p a r a b l e  t o  A n b a r ' s ,  c o n c l u d in g  t h a t  th e  h y d ro g e n  a tom  i s  e l e c t r o p h i l i c .
I n  t h e  f i n a l  t a b l e ,  T a b le  X I ,  t h e  s e l e c t i v i t y  o f  th e  H -a tom  i s
F ig u r e  1 1 .  Hammett P l o t  f o r  R e a c t io n  o f  t h e  H ydrogen Atom w i t h  Sub­
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a D a ta  o f  W. A. P r y o r  and R. W. H en d e rso n , J . Amer. Chem. S o c . , 92 ,
7234 (1 9 7 0 ) ;  s e e  a l s o ,  W. A. P r y o r  and J .  P . S t a n l e y ,  i b i d . , 9 3 , i n  
p r e s s .  ^G. A. M o r t im er ,  J .  Polym . S c i . , P a r t  A - l , 4̂ , 881 (1 9 6 6 ) .
°R. F. B r id g e r  and G. A. R u s s e l l ,  J .  Amer. Chem. S o c . ,  8 5 , 3754 (1 9 6 3 ) .  
dW. M. J a c k s o n ,  J .  McNesby and B. deB D arw en t,  J .  Chem. P h y s . , 3 7 ,
1610 (1 9 6 2 ) .  e W. A. P r y o r  and D. F u l l e r ,  u n p u b l i s h e d  r e s u l t s .  ^ R e l­
a t i v e  r e a c t i v i t i e s  a r e  f o r  t h e  h y d ro g e n s  u n d e r l i n e d .  SA. A. H e r ro d ,  
Chem. Commun. , 891 (1 9 6 8 ) ;  d a t a  a r e  f o r  th e  CD^* r a d i c a l .  J .  K. 
Thomas, J . P h y s . Chem. , 7 1 , 1919 (1 9 6 7 ) .
com pared w i t h  t h a t  o f  t h e  p h e n y l , 29  m e t h y l , 30  and p o ly m e th y le n e 31 
r a d i c a l s .  The r e l a t i v e  r a t e s  o f  a b s t r a c t i o n  o f  p r i m a r y , s e c o n d a ry  
and t e r t i a r y  h y d ro g e n s  f ro m  a l k a n e s  by t h e  v a r i o u s  r a d i c a l s  a r e  a l l  
a b o u t  th e  sam e, and i n  t h e  a l c o h o l  s e r i e s ,  th e  same p a r a l l e l  i s  ob ­
s e r v e d .  T h i s  s i m i l a r i t y  i n  s e l e c t i v i t y  p r o f i l e s  p r o b a b ly  r e f l e c t s  
th e  a p p r o x im a te ly  e q u a l  bond s t r e n g t h s  o f  t h e  bonds b e in g  fo rm ed ,  
a s  w e l l  a s  t h e  l a c k  o f  a p p r e c i a b l e  p o l a r  c h a r a c t e r  i n  th e  r a d i c a l s . 32
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